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INTRODUCTION 

The  study  of  turbulent  jet  shear  flow  plays  an  important  role  in  numerous  engineering 
applications.  Free  and  confined  jets  aie  common  devices  present  in  mixing  processes  and  the 
production  of  thrust  Jets  form  due  to  flow  issuing  from  a  nozzle  and  the  resultant  velocity  difference 
forms  a  shear  layer  consisting  of  coherent  toroidally  shaped  vortical  structures  whose  dynamics  are 
responsible  for  entraining  surrounding  fluid  and  the  generation  of  fine  scale  mixing  requisite  for  the 
initiation  of  chemical  reactions.  It  is  therefore  desirous  to  control  die  transfer  of  mass,  heat  and 
momentum  via  large-scale  and  small-scale  mixing  processes. 

A  passive  method  of  enhancing  the  rate  of  entrainment  by  as  much  as  500%  in  subsonic  open 
nozzle  flows  has  been  obtained  by  modifying  axisymmetric  nozzle  geometry  to  a  2:1  aspect-ratio 
elliptic  nozzle,  i  Small  aspect-ratio  elliptical  jet  nozzles  have  been  demonstrated  to  more  efficiendy 
control  mixing  processes  and  to  exhibit  increased  rates  of  spreading  and  entrainment  than 
axisymmetric  nozzles  at  subsonic^  and  supersonic  conditions,3  in  a  confined  dump  combustor, <  and 
in  iiigh-temperature  ramjet  facilities.5 

Toroidal  elliptic  vortices  in  asymmetric  jet  shear  layers  are  characterized  by  azimuthally  varying 
radii  of  curvature.  The  section  of  the  vortex  ring  occupying  the  major  axis  plane  with  minimum 
radius  of  curvature  is  convected  faster  downstream  by  nature  of  the  Biot-Savart  Law  of  induction 
than  the  minor  axis  plane  section  which  has  maximum  radius  of  curvature.  The  faster  moving 
section  of  the  major  axis  section  convects  forward  as  it  bends  inward  decreasing  its  local  radius  of 
curvature  until  it  matches  the  radius  of  curvature  of  the  minor  axis  section  which  is  simultaneously 
moving  outwards.  This  asymmetric  process  called  vortex  self-induction  is  the  principle  mechanism 
driving  entrainment  in  small  aspect-ratio  elliptic  jets  which  entrain  ten  times  more  mass  in  the 


minor  axis  region  than  the  major  axis  region.1  These  vortex  dynamics  unique  to  three-dimensional 
nozzles  severe'y  deform  the  topology  of  the  large-scale  structures  and  are  responsible  for  the  elliptic 
jet’s  enhanced  mixing  properties.  The  phenomenon  of  axis  switching  occurs  when  the  original 


elliptically  contoured  ring  briefly  sustains  a  symmetric  configuration  following  a  series  of 
downstream  deformations  and  its  distance  from  the  nozzle  exit  reflects  increased  levels  of  large- 
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scale  mixing. 

Results  at  the  University  of  Southern  California  demonstrate  that  the  initial  frequency  content, 
velocity,  temperature,  upstream  geometry  of  the  exit  nozzle  and  its  aspect-ratio  governs  the 
hydrodynamic  instabilities  responsible  for  the  creation  and  evolution  of  the  elliptic  jet’s  shear  layer. 
These  initial  patameteis  modify  the  boundary  layer  momentun  thickness  at  the  jet  exit  creating  an 
asymmetric  distribution  ofvorticity  throughout  the  elliptical  nozzle’s  contour.  This  alteration  in  the 
initial  Kelvin-Helmholtz  instability  wave  strongly  modifies  the  downstream  self-induction  process  of 
the  ensuing  large-scale  structures.  Current  investigations  have  determined  that  the  mechanism  of 
self-induction  which  controls  the  large  scale  evolution  of  the  elliptic  jet  is  also  die  principle  source 
of  small-scale  production  in  the  shear  layer.  Whereas  vortex  merging  is  responsible  for  small-scale 
production  in  two-dimensional  and  axisymmetric  free  shear  layers.6  Therefore,  the  entire  spectrum 
of  mixing  from  the  large  inviscid  structures  down  to  the  smallest  viscous  dominated  fine  scales  are 
controllable  either  direcdy  or  indirectly  via  the  self-induction  mechanism. 


ELLIPTIC  JET  FACILITY 

The  experimental  jet  facility  is  driven  by  four  centrifugal  blowers  in  parallel  and  heated  by  two 
electric  heaters  in  parallel.  The  flow  enters  an  anechoically  treated  settling  chamber,  contracts  into 
an  aluminum  stagnation  chamber  of  constant  diameter  and  passes  through  a  series  of  aluminum 
honeycomb,  aluminum  foam,  and  fine  wire  mesh  screen  sections  enhancing  flow  uniformity  and 
reducing  turbulence.  An  aluminum  composite  nozzle  smoothly  contracts  to  a  2:1  aspect-ratio 
elliptical  orifice  whose  major  and  minor  axes’  dimensions  are  50.8  cm  (=«  2a)  by  25.4  cm  (=*  2b), 
respectively.  The  semimajor  axis  length,  a,  will  be  the  typical  scale  for  nondimensionalizing  lengths. 
The  operational  conditions  of  the  jet  facility  are  bounded  by  a  maximum  velocity  of  85  m/s  and  a 
maximum  temperature  of  220  C. 

Instantaneous  velocity  signals  are  sampled  by  high  temperature  hot-wire  probes  connected  to 
multi-channel  constant-temperature  circuits  providing  a  fiat  frequency  response  to  30  kHz. 
Instantaneous  temperature  signals  are  sampled  by  a  culd-wire  probe  that  is  digitally  frequency 
compensated  to  3  kHz.  The  single  wire  sensor  element  consists  of  5.08p.m  diameter  platinum-1 0% 
rhodium  wire  attached  to  a  1  mm  wide  probe  and  the  parallel  wire  probe  has  two  elements  0.4  mm 
wide  separated  by  0.5  mm  allowing  enhanced  resolution  in  detecting  small  structures.  The  probes 
are  mounted  on  a  microcomputer  controlled  traverse  system  translatable  in  three-dimensions. 
Fluctuating  multiple-channel  data  is  digitized  by  a  33  MHz  80386  PC  microcomputer  at  acquisition 
rates  up  to  1  MHz  and  recorded  on  a  650  Mb  erasable  optical  disk  and  an  ethernet  networked  1  Gb 
Winchester  disk.  Data  is  subsequendy  processed  and  transferred  between  Local  talk  networked 
80386  PCs  and  a  40  MHz  Macintosh  Ufx  woikstation.7 

Sampling  along  the  major  and  minor  axes  provides  mean  and  fluctuating  profiles  o"  velocity  or 
temperature,  respectively,  which  indicate  jet  spreading  rates  and  axis  switching  locations.  The 
massflow,  small-scale  distribution  and  streanwise  velocity  gradients  are  investigated  throughout  one 
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quadrant  at  respective  downstream  cross-sections  by  sampling  velocities  and  temperature  across  a 
rectangular  grid.  Measurements  of  the  total  massflow  are  determined  by  sampling  the  velocity  and 
temperature  across  an  entire  surface  normal  to  the  free  stream  direction  and  indicate  the  amount  of 
ambient  fluid  entrained  into  the  flow  by  the  large-scale  vortices.  Instantaneous  velocities  are  phase- 
averaged  with  respect  to  a  second  hot-wire  probe  recording  the  passing  of  large  scale  structures. 
Large-scale  information  is  obtained  by  smoothening  raw  data  with  a  finite-impulse  response  digital 
filter.  Frequency  content  is  determined  with  the  1-D  fast  Fourier  algorithm  and  both  physical  and 
spectral  information  are  obtained  with  the  1-D  Wavelet  Transform  algorithm.  Small-scale  structures 
are  detected  through  a  series  of  conditional  statements  employed  in  the  Peak-Valley  Counting 
Technique  developed  at  the  University  of  Southern  California.8 


TECHNICAL  DISCUSSIONS 


I.  Initial  Conditions 

The  effects  of  exit  velocity,  temperature  and  frequency  upon  the  elliptic  jet’s  development 
were  investigated  at  the  jet  exit  to  understand  what  factors  influence  vortex  self-induction.  The 
initial  momentum  thickness  in  the  major  and  minor  axes’  regions  confirmed  previous  findings  of  the 
existence  of  an  asymmetric  distribution  of  momentum  thickness  about  the  nozzle  perimeter.1  At  the 
lowest  velocity  measured,  Uo=*  20  m/s,  the  momentum  thickness  is  narrower  in  the  minor  axis  region 
than  the  major  axis  region  such  that  8 t/0*,»  6  inferring  the  existence  of  intense  vorticity  distribution 
in  the  minor  axis  region  due  in  part  to  a  smaller  radius  of  curvature  along  the  upstream  nozzle  wall 
contour  in  the  minor  axis  plane  which  induces  a  larger  transverse  pressure  gradient  in  that  region  of 
the  boundary  layer.  At  higher  exit  velocities  the  momentum  thickness  decreases  in  the  major  axis  to 
match  the  minor  axis  momentum  thickness  and  create  a  more  symmetric  distribution  of  vorticity 
that  retards  the  effects  of  vortex  self-induction. 


The  influence  of  frequency  content  was  investigated  through  forcing  at  die  Preferred  Mode 
frequency,  the  characteristic  passage  frequency  of  the  large  scale  structures  at  the  end  of  the  jet’s 
potential  core  region  approximately  five  exit  diameters  downstream.  Under  forcing  the  momentum 
thickness  increases  by  100%  due  to  additional  flow  acoustically  driven  from  the  forcing  chambers 
adjacent  to  the  jet  exit.  However,  the  momentum  thickness  ratios  decrease  to  half  the  natural  values 
;  nd  0a/0b  decreases  from  three  to  unity  with  increasing  exit  velocity.  Therefore,  Preferred  Mode 
forcing  enhances  the  initial  vorticity  distribution  in  the  major  axis  region. 

Dramatic  increases  in  flow  spreading  are  achievable  by  forcing  at  the  Preferred  Mode  becasue 
the  initial  vortices  amalgamate  into  larger  structures  at  a  frequency  approximately  one-tenth  their 
‘natural’  value  resulting  in  a  Collective  Interaction  phenomenon.?  Spectral  analysis  of  the  instability 
waves  near  the  jet  exit  confirm  the  ability  of  Preferred  Mode  forcing  to  suppress  vortex  merging. 
Preferred  Mode  forcing  is  a  useful  diagnostic  means  of  investigating  the  isolated  effects  of  vortex 
self-induction  in  asymmetric  jet  flows.10 
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Exit  velocity  and  temperature  profoundly  alter  the  elliptic  jet’s  flow  field.  Mean  velocity  profiles 
in  the  major  and  minor  axes  exhibit  greater  shear  layer  spreading  rates  at  lower  exit  velocities  and 
higher  exit  temperatures.  Jet  growth  may  be  properly  illustrated  by  plotting  the  velocity  haljwultk,  the 
radial  location  at  which  the  local  velocity  is  half  the  centerline,  for  varying  streamwise  stations.  The 
elliptic  jet’s  spreading  is  greater  and  hence  its  bulk  mixing  properties  improve  when  the  axis 
switching  location  is  nearer  to  the  nozzle  exit  because  the  outward  radially  growing  minor  axis  region 
entrains  more  ambient  upstream.  The  length  of  the  txis  switching  location  is  a  strong  indicator  of 
the  efficiency  of  vortex  self-induction  and  is  dependent  upon  the  exit  Reynolds  number,  and  the 
exit  density  ratio,  T  =  p/p,,. 11  Axis  switching  locations  occur  farther  downstream  in  larger  aspect-ratio 
asymmetric  jets  and  consequently  these  nozzle  configurations  offer  lower  rates  of  mixingJZ  Refer  to 
Figure  1. 

Entrainment  ratios  obtained  by  normalizing  the  local  massflow  to  the  exit  massflow 
demonstrated  tire  elliptic  jet  to  entrain  more  fluid  than  an  axisymmetric  jet  of  equivalent  exit 
hydraulic  diameter  at  varying  velocity  and  temperature  conditions  thereby  extending  its  operating 
range.  The  minor  axis  region  entrains  more  than  the  major  axis  region  for  all  velocity  and 
temperature  cases  studied  confirming  the  existence  of  an  asymmetric  massflow  distribution  due  to 
self-induction  dynamics  rather  than  vortex  merging.1  Entrainment  ratios  in  die  elliptic  jet  decrease 
with  increasing  exit  velocity  and  increase  ac  higher  flow  temperatures  which  correlates  remarkably 
well  with  die  axis  switching  location.  High  temperature  nonhomogeruous  flows  entrain  as  much  as 
30%  more  at  To  -  480  K  than  ambient  flows  inferring  that  density'  effects  exert  stronger  instability 
influences  than  the  Reynolds  number  upon  vortex  self-induction  dynamics.  The  near-field  region  of 
a  nonhomogeneous  elliptic  jet  entrains  up  to  six  times  more  than  a  homogeneous  axisymmetric  jet 
and  entrains  up  to  three  and  a  half  times  more  than  a  nonhomogeneous  axisymmetric  jet11  Refer  to 
Figure  2.  These  findings  are  promising  in  view  of  the  fact  that  combustion  processes  rue  typically 
initiated  in  the  near-field  region.  Stability  calculations  reveal  greater  deformations  in  the  initial 
vortices  at  increased  exit  temperatures  supporting  experimental  observations,  and  increased 
temperatures  improve  bulk  mixing  characteristics  in  an  elliptic  jet. 1J 

The  initial  exit  conditions,  including  velocity,  temperature  and  frequency  content  in  addition  to 
the  nozzle  geometry,  together  significandy  modify  the  initial  momentum  thickness  and  hence  die 
initial  vorticity  content  of  the  large  scales.  The  momentum  thickness  is  an  important  length  scale 
and  coupled  with  velocity  and  the  initial  instability  frequency  through  a  constant  Strouhal  number 
relationship  for  jet  free  shear  layers  dictates  initial  conditions.1*  The  degree  of  asytnrcietiy  in  the 
vorticity  distribution  is  responsible  for  the  azimuthally  varying  induced  velocity  distribution  that 
determines  the  rate  of  growth  of  the  shear  layer  by  inviscidly  controlled  dynamics  of  vortex  self- 
induction. 

II.  Self-induction  Dynamics11 

The  mean  velocity  profiles  emerging  from  asymmetric  nozzle  possess  top-hat  profiles  and  evolve 
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into  bell-shaped  profiles  downstream.  However,  three-dimensional  jets  are  distinguished  from  their 
axisymmetric  counterparts  by  displaying  unique  velocity  profiles  and  spread  rates  in  the  planes  of 
their  major  and  minor  axes  regions,  respectively.  The  minor  axis  velocity  profiles  display 
considerably  higher  spreading  than  the  major  axis  velocity  profiles.  The  Reynolds  number 
dependence  of  vortex  self-induction  is  evident  in  tire  degree  of  asymmetry  of  the  mean  velocity 
contours  at  two  extreme  exit  velocities.  Increased  spreading  of  the  minor  axis  shear  layer  into  the 
ambient  and  near-circular  topologies  characterize  the  lower  velocities  and  at  higher  velocities 
spreading  rates  are  less  pronounced  in  both  axes’  regions  and  contours  of  constant  velocity  retain 
their  elliptical  nature  signifying  delayed  axis  switching.  Refer  to  Figure  3(a). 

Preferred  Mode  forcing  severely  distorts  the  mean  flow  field  from  an  elliptical  to  a  rectangular 
distribution  and  downstream  of  the  potential  core  the  acoustically  modified  azimuthal  inodes 
severely  distort  the  vortex  ring  into  a  ‘cloverleaf  distribution  possibly  as  a  result  of  the  toroidal 
vortices  interacting  with  enhanced  streamwise  vortices.15  Lower  degrees  of  spreading  characterize 
the  minor  axis  region  prolonging  the  onset  of  axis  switching,  thus  Preferred  Mode  forcing  appears  to 
strengthen  the  voru'eity  content  of  the  major  axis  region  at  the  expense  of  the  minor  axis  region. 
Refer  to  Figure  3(b). 

An  approximation  of  the  large  scale  vorticity  field  in  the  natural  and  Preferred  Mode  forced  cases 
was  obtained  from  low-frequency  bandpassed,  time-averaged  and  phase-averaged  analyses  of  the 
velocity  strain  rate  field,  9u/3x,  du/dy  and  du[dz.  Two  of  the  three  vorticity  components  lie  parallel  to 
the  voitex  ring  plane  and  are  approximated  bv  two  of  the  velocity  strain  quantities,  ©y  *  3u/dz-  3w/dx 
~3u/3z,  and  (0Z  -  dv/dx-  du/dy  -  -du/dy.  Vorticity  in  the  major  axis  region  may  be  approximated  by 
values  of  -du/dy,  and  similarly,  vorticity  in  the  minor  axis  region  by  values  of  du/dz.  Intersections  of 
phase-averaged  du/dy  with  the  major  axis  plane  and  phase-averaged  du/dz  with  the  minor  axis  plane, 
respectively,  readily  visualize  vortex  cores.  Near  the  jet  exit  ar  the  second  vortex  merging  location 
the  major  axis  section  of  the  ring  is  shifted  downstream  of  the  minor  axis  section  in  agreement  with 
now  visualization1  and  the  Brot-Savart  Induction  Law.  At  the  location  of  axis  switching  the  minor 
axis  core  surpasses  the  major  axis  core  accompanied  by  an  increase  in  its  local  ring  radius.  Far 
downstream  in  the  fullv  turbulent  region  both  core  sections  exhibit  weakened  vorticity  of  one-fifth 
their  initial  value  due  to  phase  decorrelation  of  the  large  scale  structures.16  The  major  axis  vortex 
cross-sections  are  approximately  100%  larger  in  dimension  and  as  much  as  50%  weaker  in  magnitude 
than  the  respective  minor  axis  cores  confirming  the  presence  of  more  intense  vorticity  in  the  minor 
core.  Preferred  Mode  forcing  intensifies  the  vortex  cores  by  reducing  their  cross-section  20%  and 
increasing  peak  vorticity  by  100%  by  more  efficiently  imparting  energy  from  the  mean  flow  into  the 
large-scale  vortices.  The  forced  major  cores  are  of  approximate  strength  as  the  minor  cores  adding 
evidence  to  the  existence  of  an  enhanced  major  axis  region  under  Preferred  Mode  forcing. 

The  temperature  field  was  investigated  at  nenhomogeneous  conditions  and  displayed  regions  of 
cooler  ambient  fluid  penetrating  into  the  potential  core  along  ihe  minor  axis.  Investigations  revealed 
greater  rms  temperature  peaks  in  the  minor  axis  section  and  a  conspicuous  bifurcation  of  the 
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centerline  temperature  peak  in  the  mean  temperature  field  at  the  end  of  the  potential  core  together 
substantiated  the  existence  of  larger  mixing  rates  in  the  minor  axis  region.  Probability  density 
function  analyses  of  the  turbulent  temperature  field  identified  broader,  more  evenly  distributed 
temperature  profiles  along  the  minor  axis  skewed  towards  ambient  temperatures.  In  contrast  the 
major  axis  profiles  were  characterized  by  narrower  peaks  skewed  towards  centerline  temperatures.17 

Density  fluctuations  in  the  nonhomogeneous  elliptic  jet  was  visualized  by  conventional 
shadowgraph,  schlieren  and  focused  schlieren  optical  diagnostic  methods.18  The  wrinkled  turbulent 
three-dimensional  outc  structure  of  the  shear  layer,  stieamwisc  vortices  and  toroidal  structures  wete 
imaged  at  various  velocities  and  temperatures  confirming  the  existence  greater  spreading  in  the 
minor  axis  plane.  Focused  schlieren  techniques  imaged  planar  sections  of  finite  depth  within  the 
shear  layer  and  individual  cross-sections  of  tilting  large  scale  vortices  albeit  at  reduced  levels  of 
contrast. 

III.  Small  Scale  Topology11. 

The  three-dimensional  topology  of  the  small-scale  structures  in  the  elliptic  jet  shear  layer  was 
investigated  for  the  case  Uo-20  m/s  to  document  small-scale  production  regions  and  to  identify  the 
physical  mechanism  of  small-scale  generation.  Small-scale  structures  designate  regions  of  small-scale 
mixing  where  large  parcels  of  ambient  fluid  are  homogenized  and  broken  down  to  progressively 
smaller  scales  by  complex  large-scale  vortex  interactions  and  infer  the  existence  of  combustion 
regions  in  reacting  flows  possible  under  required  thermodynamic  and  stoichiometric  conditions.  The 
flow  was  forced  at  the  Preferred  Mode  frequency  to  isolate  vortex  self-induction  effects  from  vortex 
merging  on  small-scale  generation  and  compared  against  the  natural  case. 

Within  the  firs1  five  semimajor  axis  diameters  downstream  the  small-scale  structures  are 
asymmetrically  distributed  in  the  vortex  ring  regions  in  the  natural  case  with  as  much  as  40%  larger 
populations  in  the  minor  axis  region.  In  the  Preferred  Mode  forced  case  the  modified  rectangular 
vortices  contain  a  more  symmetric  small-scale  distribution  with  only  !Q%  greater  small-scale  activity 
in  the  major  axis  region.  Farther  downstream  in  the  natural  case  the  small-scale  structures  spread 
inwards  to  the  jet  center  taking  on  a  symmetric  near-circular  distribution  and  similar  events 
characterize  the  forced  case  except  that  the  small-scale  contour  levels  take  on  rectangular  contours 
and  further  downstream  ‘cloverieaf  distributions  characteristic  of  the  mean  velocity  field  in  the 
distorted  shear  layer.  In  the  natural  case  the  distributions  are  maximum  in  the  near-field  minor  axis 
region  by  as  much  as  40%  more  than  the  surrounding  shear  layer  with  the  reverse  occurring  in  die 
Preferred  Mode  forced  case  where  they  are  more  symmetric  with  less  prominent  peaks  which  arc 
10%  greater  than  levels  occupying  the  vortex  ring  downstream  of  x/a  *  4  in  the  forced  case.  Maxima 
in  the  number  small  scales  per  number  of  local  large  scales  increases  parabolically  in  the  natural  case 
aownstream  because  the  large  scale  populations  decrease  downstream  due  to  successive  vortex 
mergings.  However,  in  the  forced  case  vortex  merging  is  suppressed  and  consequently  the  number 
or'  small  scales  per  local  large  scales  remains  nearly  constant  with  a  small  peak  at  x/a=5.  Refer  to 
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Figures  4{a)  &4{b). 

Preferred  Mode  forcing  distributes  more  small  scales  over  a  greater  cross-section  arid  overall 
small-scale  population  increases  by  25%  than  the  natural  case  possibly  due  to  enhanced  interactions 
between  larger,  concentrated  toroidal  vortices  and  saeamwise  structures.  Therefore,  the  mechamsm 
of  vortex  self-induction  rather  than  vortex  merging  is  principally  responsible  for  small-sea’ 
generation  in  a  subsonic  2:1  aspect-ratio  elliptic  jet.1?  Small  scales  are  produced  one  semimajor  a-'js 
diameter  closer  to  me  jet  exit  under  forcing  thereby  decreasing  the  distance  to  turbulent  transitio  1 
and  shifting  higher  levels  of  small-scale  mixing  activity  nearer  upstream  to  the  exit.  In  the  natural 
case  both  major  and  minor  axis  legions  generate  equivalent  numbers  of  total  small  scales,  whereas 
the  forced  major  axis  region  produces  as  much  as  50%  more  small  scales  than  the  minor  axis  region. 
Self-induction  enhances  vorticity  in  the  major  axis  region.  Refer  to  Figure  5.  In  the  natural  case  the 
number  of  small  scales  peaks  at  xAo  -  8,  the  second  vortex  merging  location  similar  to  that  of  a 
subsonic  mixing  layer8  and  at  higher  exit  velocities  the  peak  in  the  streamwise  small-scale 
population  shifts  upstream  to  x/Xo  =  4.  The  small-scale  levels  steadily  decrease  downstream  due  to 
the  dissipation  of  decreasing  turbulent  kinetic  energy  in  the  decaying  free  shear  layer  at  the 
wavelength  of  the  small-scale  structures.®  The  peak  in  the  forced  case  occurs  upstream  of  the 
natural  peak  at  x/kp~  0.3,  where  Xp  is  the  Preferred  Mode  wavelength,  for  all  velocity  cases  due  to 
increased  turbulence  levels  nearer  to  the  jet  exit.  Downstream  the  numbers  decrease,  then  gradually 
increase  to  a  small  peak  at  the  end  of  the  potential  core  and  finally  decay  downstream  in  a  fashion 
similar  to  the  natural  case.  Refer  to  Figures  6(a)  &  6(b). 

A  frequency  histogram  analysis  of  the  small-scale  content  in  the  shear  layer  reveals  peaks 
identifying  the  mou  probable  small-scale  frequency  whose  values  increase  linearly  with  gieater 
Reynolds  number.  For  a  given  velocity  the  peak  of  the  small-scale  frequency  distribution  decreases 
very  gradually  downstream  along  the  decaying  shear  layer  for  both  the  natural  and  Preferred  Mode 
forced  cases.  In  addition,  these  distributions  are  identical  in  both  axes’  regions  for  both  flow  cases 
indicating  that  forcing  only  modifies  the  large-scale  suuctuies  and  the  population  of  email  scales  but 
it  does  not  directly  affect  the  physical  nature  of  die  viscous-dominated  small  scales.  The  dimension 
of  the  small-scale  structures  are  about  one  order  of  magnitude  larger  dian  the  Kolmogorov  length 
scale  and  1/2  to  3/4  smaller  than  die  Taylor  microscale. 

Time-averaged  and  phase-averaged  populauon  densiues  of  the  small-scale  and  velocity  strain 
rate  distributions  suggest  the  minor  axis  region  of  the  vortices  control  small-scale  processes.  Two- 
dimensional  raster  imaging  demarcates  regions  of  small-scale  activity  during  successive  phases  of  the 
passage  of  one  large  scale  structure.1*  Contours  of  constant  du/dz  represenung  the  partial  vorticity 
component  in  the  minor  axis  region  correlate  with  the  small-scale  topology  in  the  natural  case  than 
contours  of  9u/5y  represenung  the  partial  vorticity  component  in  the  major  axis  region.  Small-scale 
production  by  the  correlated  and  stronger  vorticity  field  in  the  minor  axis  region  complements  the 
existence  of  greater  entrainment  values  and  maxima  of  the  small-scale  distribution  in  the  minor  axis 
region.  In  the  Preferred  Mode  forced  case  the  <3u/dz  distribution  also  correlates  more  strongly  witn 
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the  distorted  albeit  more  symmetric  small-scale  distribution.  Phase-averaged  analyses  confirmed  the 
occurrence  of  small  scales  and  both  du/dy  and  3u/3z  velocity  strain  rates  within  the  vortex  core  cross- 
sections.  The  maximum  number  of  small  scales  occur  in  the  downstream  circumferential  section  of 
the  vortex  core  for  the  natural  case  and  in  the  center  of  the  vortex  core  for  the  forced  case. 
Furthermore,  the  regions  of  velocity  strain  rate  extend  upstream  into  the  ‘braid’  region  in  the  natural 
case  but  do  not  under  forcing.  Observations  of  natural  and  forced  small-scale  mixing  activity  in  the 
subsonic  elliptic  jet  correlate  well  with  combustion  product  concentrations  visualized  in  natural  and 
Preferred  Mode  forced  chemically  reacting  nozzle  flows.20  Refer  to  Figures  7(a)  &  7(b). 

CONCLUSION 

By  passively  changing  nozzle  contour  geometry  and  aspect-ratio  and  actively  varying  the  initial 
frequency  content,  velocity  and  temperature,  the  initial  asymmetric  vorticity  distribution  in  the 
elliptic  nozzle  boundary  layer  has  been  demonstrated  to  modify  the  dynamics  of  vortex  self- 
induction.  Preferred  Mode  forcing  effectively  suppresses  vortex  merging  in  the  elliptic  jet  by 
driving  many  large-scale  structures  to  roll-up  nto  one  larger  vortex  via  the  Collective  Interaction 
mechanism.  The  diree-dimensionally  deforming,  mutually  self-inducting  coherent  vortex  structures 
control  the  large-  and  small-scale  mixing  properties  of  the  elliptic  jet.  Two  related  jet  properties,  the 
location  of  the  first  axis  switching  and  mass  entrainment,  demonstrate  increased  large-scale  mixing 
at  decreased  exit  velocity  and  increased  exit  temperature.  Phase-averaged  mean  velocity  strain  rates 
visualize  die  topology  of  the  coherent  vortex  rings  and  illustrate  phase  decorrelation  of  the  vortices 
downstream.  The  temperature  field  in  the  nonhomogeneous  elliptic  jet  displays  regions  of  strong 
mixing  in  the  minor  axis  region  confirming  the  existence  of  asymmetric  mixing.  These  results 
reaffirm  an  excellent  correlation  between  elliptic  vortex  ring  dynamics  and  their  associated  axis 
switchings  with  mass  entrainment  verifying  that  the  flow  is  indeed  driven  by  azimuthally  deforming, 
self-inducting  ellipdc  vortices. 

The  small-scale  topology  of  the  elliptic  jet  has  been  investigated  by  the  Peak-Valley-Counting 
method  and  the  small-scale  mixing  region  is  asymmetrically  distributed  with  maxima  occurring  in 
the  minor  axis  region.  The  small-scale  production  regions  correlate  with  die  3u/3z  velocity  strain  rate 
field-  the  minor  axis  ’'Orticity  field.  Small  scales  are  concentrated  within  the  cores  of  the  large-scale 
vortices  and  peak  between  the  first  and  second  vortex  merging  over  the  range  of  Reynolds  numbers 
studied  from  2xl04-  1.3xl05.  Small-scale  activity  is  decreased  downstream  of  this  location  due  to 
decaying  flow  condidons.  Acoustic  forcing  at  the  Preferred  Mode  severely  deforms  the  large  scales 
inducing  larger  spreading  of  the  mean  flow  field  and  25%  increased  sm;  '1-scale  levels  over  the 
natural  case.  The  roost  probable  frequency  associated  with  the  viscous-dominated  small  scales  varies 
linearly  widi  the  Reynolds  number,  but  it  is  independent  of  initial  frequency  content. 

2:1  aspect-ratio  elliptic  jets  appear  by  many  accounts  to  be  very  promising  improvements  over 
axisymmetric  jet  configurations  because  of  their  enhanced  mixing  characteristics.  The  mechanism  of 
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vorte?  self-induction,  which  is  influenced  by  nozzle  geometry,  Reynolds  number  avid  oensity  ratio, 
enhances  large  scale  mixing  more  efficiendy  than  vortex  merging  and  it  is  the  dominant  small-scale 
producuon  mechanism  in  the  elliptic  jet.  The  vortex  self-inducdon  mechanism  is  the  principle 
means  responsible  for  large  scale  mixing  and  small-scale  production,  therefore,  bulk  entrainment 
processes  and  fine-scale  mixing  necessary  in  combustion  systems  arc  controllable  via  this 
mechanism. 


Research  Assistant:  Thomas  Austin 
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Sunday  Morning 


SESSION  BD:  INSTABILITIES  OF  JETS  AND  WAKES  I 
Sunday  morning,  20  November  1988 
214  Norton  Hall  at  11:00 
F.  W.  Roos,  presiding 


11:00 
BD  I 

Tito  low-Frouda  number  wake  of  floating  bluff  objects'  G. 
Triantatyilou  and  A.  Dimas,  MIT  -  The  stability  of  the  viscous  wake 
behind  floating  bluff  objects  is  analyzed.  For  a  fully  submerged  object, 
it  is  well  known  that  the  How  separates  and  fomis  a  region  of 
recirculating  flow  behind  the  object:  after  a  critical  Reynold?  number, 
the  flow  in  the  wake  becomes  absolutely  unstable,  and  (he  bubble  is 
destroyed  creating  a  vortex  street.  Foi  ?  floating  object  at  lew  Frauds 
numbers,  however,  it  is  shown  that  ihe  instability  is  of  the  convective 
type  for  all  Reynolds  numbers.  As  a  result,  behind  floating  objects  tho 
re  emulating  flow  regon  remains  intact  and  no  vortex  street  is  formed. 
This  result  is  vended  experimentally  tor  the  How  past  a  hall-submerged 
circular  cylinder  at  Reynolds  number  based  on  ihe  cylinder  radius 
equal  to  25000.  Die  (low  is  visualized  through  bubbles,  produced  by 
dropping  the  pressure  in  the  tunnel.  The  presence  ol  a  region  ol 
steady  recirculating  How  is  dearly  visualized,  reminiscent  of  the  How  in 
infinite  lluid  at  low  Reynolds  numbers.  II  is  concluded  that,  lor  low 
Frauds  numbers,  ihe  presence  ol  the  tree  surface  has  a  stabilizing 
etlect  on  the  wake,  suppressing  unsteady  effects. 


*  Work  supported  by  ONR,  Contract  N00G14-87-K-Q356 
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BD 2  nonlinear  Stability  of  a  Viscous  Axlsvrcaetrlc 
Jet.  J.  HORWITZ,  S.  R0SKNBLAT,  XL  I8ST  0t  TKCHW0L0GY*- 
The  teaporal  stability  o£  a  viscous  circular  Jet  with 
respect  to  axlsvmwtric  disturbances  is  studied 
First,  the  Stuart-Uatson  Method  is  used  to  study  the 
weak  nonlinear  Interactions.  The  Landau  constant  Is 
posltlvs  Indicating  there  Is  a  supercritical  Hopf 
bifurcation  at  R*58.3.  This  method  also  reveals  the 
nature  of  the  2  additional  modes  arising  from  the  self 
interaction  of  the  fundamental  and  provides  a  basis  for 
studying  the  more  strongly  nonlinear  interactions. 
Finally,  a  truncated  Pourler-elgenfunctlon  expansion 
leads  to  a  system  of  5  o.d.e.'s.  Numerical  results 
show  that  the  periodic  solution  appearing  at  58.3  is 
stable  when  RC76.2.  There  Is  a  secondary  bifurcation 
at  R*76.2  to  a  quaslperlodlc  solution  with  2 
Incommensurate  frequencies  which  ends  In  a  hosocllnlc 
orbit  at  R«7?.5,  A  search  for  solutions  when  R579.5 
results  in  only  unbounded  ones  indicating  limitations 
of  this  scdel. 

•Supported  by  AFOSR  Grant  86-0165 
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BD  3  Instability  In  a  Vortex  Jet  at  High  Remolds 
Number.  H.  R.  FOSTER,  Ohio  State  U .  ■  -A  partlcualar 
slender  vortex- -a  member  of  a  family  of  exact  solution* 
found  by  R.  R.  Long^--eonslst3  of  a  ring  jet  aezose 
which  the  swirl  velocity  changes  from  rigid  rotation  to 
a  potential  vortex.  Such  a  structure  occurs  when  the 
the  axial  flux  of  axial  momentum  is  inch  larger  than  tha 
axial  flux  of  angular  momentum.  AC  axial  wave  lengths 
comparable  to  tha  vortex  width,  the  instability  at 
Infinite  Reynolds  number  la  governed  by  sinuous  and 
varicose  Dickley  modes.  Long-wave  instabilities,  how¬ 
ever,  Involve  the  three-dimensionality  of  the  vortex, 
and  so  deviate  from  tho  Bickley  modes.  Modifications  of 
the  these  long-wave  lir/lscid  modes  st  large  but  finite 
Reynolds  number  are  presented.  Because  the  exact  vortex 
solution  has  radial  velocity  larger  than  1/Re,  such 
viscous  corrections  to  the  Inertial  modes  are  never 
solutions  of  a  parallel-flow  equation. 

’•Long,  R.  R. ,  J.  Fluid  Hech.  11,  fill  (1961) 
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BD  4  Heated  iota  are  different.  D.W.  BECHERTi  B. 
LEHMANN,  B.  BARSIKOW*.  DFVLR  Berlin.  F.R.G..  and 
F.a.  MONKEWtTZ,  U.C.L.A..  Toe  Angeles.  U.S.A.— Seated 
axiaytnmetnc  jets  are  inveatigated  (t=150— 400‘C, 
Rez5*  103*-105),  The  absolute  instability  causes 
dramatic  changes:  (i)  The  spectrum  at  the  fluctua¬ 
tions  changes  from  broad  band  of  a  cold  jet  to  a  line 
spectrum  of  a  heated  jet  aa  predicted.  A  regular 
vortex  ring  structure  appears,  (ii)  strong  planar 
quasi-ateady  side  jeta  occur.  These  aide  jeta  distort 
tho  cross  section  towards  a 
star-ghaped  structure  with  2-6 
lobes.  Spreading  rate  and  mix¬ 
ing  are  enhanced  dramatically 
by  the  side  jeta.  The  side  jeta 
are  considered  to  be  caused  by 
a  lobe-like  instability  of  the 
ring  vortices.  Thus,  side  jets 
cen  be  generated  also  in  a 
forced  cold  jet, 

•suppoi  te3  by  f  ECFLAbf 


11:52 

BD  5  Energy  Budget  for  Atomization* 

B.  CREIGHTON  and  S.P.  LIN.  Clarkson  University.-**  An  equation 
of  mechanical  energy  balance  in  a  viscous  liquid  jet  is  derived. 
Numerical  evaluations  of  each  term  involved  in  the  equation  reveal 
that  the  work  by  the  fluctuating  ambient  gas  pressure  is  responsible 
tor  the  convective  instability  in  the  atomization  mode. 
Atomization  is  a  process  of  breaking  up  a  jet  into  small  droplets  of 
sizes  much  smaller  than  the  jet  diameter.  The  atomization  mode  is 
distinct  from  the  Rayleigh  mode  for  which  die  capillary  pinching  is 
responsible  for  the  instabtlty. 

*  Submitted  by  ST.  LIN 

**  Supported  by  ARO  DAAL03-86-K-0072 
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11:00 

BE  1  Influence  of  Turbulence  on  Instability  Pressure 
Waves  in  an  Axisvmmetric  Jet ,  J.  H.  MILES  and 

G,  RAMAN*  NASA  Lewis  Research  Center.  Cleveland, 

OH.  — The  influence  of  turbulence  due  to  a  circular  grid 
on  shear  layer  instability  pressure  waves  is  investigated. 
Auto-  spectra,  transfer-function,  and  coherence  measure¬ 
ments  are  made  to  investigate  instability  pressure  waves 
in  a  8.S9-cm  diameter  jet  for  an  untripped  initial  condi¬ 
tion,  an  initial  condition  due  to  a.  trip  ring,  and  an  initial 
condition  due  to  a  circular  grid.  The  transfer- function 
and  the  coherence  at  a  measured  with  a  pair  of  micro¬ 
phones  at  the  same  distance  from  the  jet  centerline  but 
separated  axially  by  5.08-cni. 

‘Sverdrup  Technology,  Inc. 


11:13 

BE  2  Temperature  Effect  on  Entrainment  of  an 
Elliptical.  Jet,  AUSTIN,  TOM  &  HO,  CH1H-MING, 
Univ.  So.  Calif.* — Previous  studies  on  an  ellip¬ 
tical  jet  having  an  aspect  ratio  of  2.1  have 
revealed  a  phenomenal  difference  of  as  much  at* 
500%  increased  entrainment  compared  to  an  or¬ 
dinary  circular  jet.  Presently  we  are  examin- 
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ing  the  effects  of  temperature  on  the  develop-  free  and  shrouded  jets  (ejcctore  or  thrust  augmentois).  Hot-wire 

merit  of  a  jet,  Preliminary  studies  of  the  el-  measurements  were  made  at  the  exit  of  a  shrouded  jet  at  Rc  of 

liptical  jet  at  exit  temperatures  up  to  250  C  100,000.  The  mean  velocity  profiles  show  a  significant 

have  shown  a  further  increase  of  30%  in  the  el-  increase  of  entrainment  for  the  shrouded  blooming  jet 

liptical  ]et's  entrainment  rate  over  the  un-  compared  to  the  shrouded  natural  jet  The  jet  response  to 

heated  case.  We  will  measure  the  jet's  mean  different  amplitudes  cf  both  the  axial  and  the  helical  excitation 

and  fluctuating  temperature  field  along  with  is  documented  by  velocity  and  temperature  profiles.  Flow 

its  associated  velocity  components  by  means  of  visualization  reveal-,  the  robust  nature  of  the  shrouded 

a  combined  hot-wire  and  cold-wire  probe.  A  cor-  blooming  jet 

relation  will  be  deduced  to  determine  the  sig¬ 
nificance  that  temperature  has  upon  an  ellipti-  ‘Work  supported  by  AFOSR  Contract  F49620-86-K-0020. 
'cal  jet's  inherent  entrainment. 

* 

Supported  by  the  AFOSR  Grant  No.  F49620-85-C- 
0080. 


11:26 

BE  3  Dynamics  of  Turbulent _ JaLs _ near  a 

Surface .  *  K.  Madnia  and  L.P.  Bernal,  tlniv.  of 
Mlchi.fl.ar. - —  The  interaction  of  the  free  surface 
with  a  turbulent  round  underwater  jet  has  been 
studied  experimentally.  Hot  film  axial  velocity 
measurements  were  conducted  to  study  the  effect 
of  the  free  surface  on  the  jet  turbulence.  Mean 
and  rms  values  of  the  velocity  fluctuation  were 
measured  along  directions  parallel  and 
perpendicular  to  the  surface  for  several  jet 
depths.  The  jec  flow  structure  is  altered  by  the 
interaction  with  the  free  surface.  The  velocity 
profiles  show  an  increase  of  the  maximum  mean 
velocity  compared  to  the  free  jet.  The  jet 
growth  rate  in  the  direction  parallel  to  the 
free  surface  is  larger  by  a  factor  of  1.4 
compared  to  the  growth  in  the  direction 
perpendicular  to  the  surface.  Simultaneous 
measurements  of  the  surface  curvature  and  the 
jCt  ax.tal  velocity  arc  being  conducted  to  gain 
additional  insight  on  the  mechanisms  of 
generation  of  surface  waves  and  motions  by  the 
jet  turbulence. 

•Supported  by  ONR. Contract  no .N000184-86-K-0684 . 

11:39 

BE  4  Excitation  of  an  Axi  symmetric  let  at 

Fundamental  and  Sobhannonic  Frequencies  G.  RAMAN* 
and  E.  J.  RICE  NA?A  Lewis  Research  Center,  Cleve¬ 
land,  OH.  — —  The  axisymmetric  jet  mixing  layer  can 
he  controlled  by  generating  resonant  interactions,  each 
as  the  resonance  between  a  fundamental  wave  and  its 
subhanntinie.  Experiments  were  performed  at  a  Mach 
number  of  0.45  with  fundamental  and  subharmonic  exci¬ 
tations  at  Strouhal  numbers  of  0.4  and  0.2  respectively. 

The  initial  phase  difference  between  the  two  excitation 
components  was  varied  at  intervals  of  45  degrees  for  one 
foil  cycle  of  the  fundamental  The  fundamental  velocity 
excitation  level  was  equal  to  7  percent  of  the  jet  exit  ve¬ 
locity  and  the  ratio  of  funcUmental/aubharruonic  wis  15. 

Phase  averaged  coherent  velocities  were  recorded  at  the 
two  frequencies  along  the  jet  centerline.  At  certain  val¬ 
ues  of  the  initial  puase  difference  the  growth  of  the  sub¬ 
harmonic  was  significantly  augmented,  while  the  growth 
of  the  fundamental  remained  unaffected.  Mean  velocity 
measurements  along  the  jet  centerline  showed  that  the 
initial  phase  difference  which  produced  the  largest  sub- 
harmonic  augmentation  also  produced  the  highest  cen¬ 
terline  mean  velocity  decay  rate. 

•Sverdrup  Technology,  Inc. 

11:52 

BE  5  Effect  of  Dual-Mode  Excitation,  on  Jet 

Entrainment.*  PJ.  Juvet  and  W.C.  Reynolds  Stanford 
University.  -  Round  jets  subject  to  dual-mode  dual-frequency 
acoustic  excitation  have  been  shown  to  spread  more  tepidly 
than  natural  jets.  When  the  ratio  of  symmetric  to  helical 
excitation  frequencies  is  a  non-integer,  the  jet  blooms  and 
sends  vortex  rings  in  all  directions.  Blooming  occurs  in  both 
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P.  S.  Bernard,  presiding 


11:00 

BF  1  Scro  id  order  modeling  of  low  Reynolds  number  turb¬ 
ulence  near  walls.  T.H.  SH1H  Center  for  Turbulence  Research 
and  N.N.  MANSOUR  N ASA- Ames.  A  set  of  second  order  clo¬ 
sure  models  for  low- Reynolds  number  turbulence  is  proposed  for 
the  simulation  of  wall  bounded  flows  without  using  wall  func¬ 
tions.  The  wall  -effect  is  built  in  the  pressure-  -strain  correlation 
term  of  the  Revnolds-slress  equation  and  in  the  modeled  terms 
of  the  dissipation  rate  equation.  We  find  that  realizability  is 
particularly  important  for  modeling  the  near  wall  turbulence, 
and  is  used  lit  the  present  models  to  ensure  that  the  modeled 
equations  will  have  no  unphysical  behavior  near  the  wall.  The 
present  models  are  particularly  suitable  for  surfaces  of  arbitrary 
topology  since  they  do  not  use  the  wall  distance  as  a  parame¬ 
ter.  The  models  are  tested  by  computing  the  fully  developed 
channel  flow.  The  full  set  of  equations  are  used  to  compute  the 
mean  velocity,  all  the  Reynolds  stresses  and  the  dissipation  rate 
of  the  turbulent  kinetic  energy.  We  find  reasonable  agreement 
between  the  predictions  and  the  data  for  a  fully-developed  tur¬ 
bulent  channel  flow. 

C 

11:13 

BF  2  Turbulence  Modeling  In  Rocatlng  Frames  of 
Reference.  C.G.  SPE2IALE,  ICASE-NASA  Langley  Research 
Center,  — The  effect  of  an  arbitrary,  time-dependent 
change  of  frame  on  the  structure  of  turbulence  models  is 
examined  from  a  basic  theoretical  standpoint.  It-  is 
proven  from  the  Naviet— Stokes  equations  that  turbulence 
models  must  be  form  Invariant  under  arbitrary  trans¬ 
lational  accelerations  o£  the  reference  frame.  More 
importantly,  it  ta  shown  that  turbulence  models  should 
only  be  affected  by  rotations  of  the  reference  frame 
through  the  intrinsic  mean  vorticity — a  rotational 
dependence  that  must  vanish  if  the  flow  becomes  two 
dimensional  (the  constraint  referred  to  as  material 
frame-indifference  in  the  limit  of  two-dimensional 
turbulence).  A  direct  application  of  these  invariance 
properties  along  with  the  Taylor-Proudman  Theorem  and 
Rapid  Distortion  Theory  are  shown  to  yield  powerful 
constraints  on  the  allowable  form  of  turbulence  models 
which  are  seriously  violated  by  most  of  the  commonly 
used  models.  Alternative  turbulence  models  with  im¬ 
proved  properties  in  rotating  frsmes  are  developed  and 
some  simple  applications  are  considered. 

*Partlally  supported  by  ONR  Contract  N00014-85-K-OZ38 
11:26 

BF  3  Analysis  of  Turbulent  Fk>W9  by  a  Thermodynamically 
Consistent  Rate-dependent  Model.  S.J.  CHOWDHURY  and 
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up  to  ten  percent  exists  for  the  tibia-mounted  wall  in  comparison  with 
the  smooth  wall  of  the  channel.  For  the  first  tune,  we  present  detailed 
turbulent  statistics  in  a  complex  geometry.  These  results  are  in  excellent 
agreement  with  available  experimental  data  and  provide  a  quantitative 
picture  of  die  drag  reduction  mechanism  of  the  riblsts. 

Work  supported  by  NSF. 


16:34 

JA  4  Numerical  Simulation  of  Two-Dimensional  Vortices*. 
DANIEL  C  CHAN,  University  of  Southern  California  ~  We  used  a 
pseudo- spectral  method  to  simulate  the  interactions  of  two-dimensional 
vortices  inside  a  spatially  periodic  square  domain,  which  was  initially 
filled  with  an  array  of  6x6  counter-rotating  vortices.  Reynolds 
numbers,  based  on  the  diameter  and  rotational  speed  of  the  vortices,  of 
100.  1,000  and  10,000  were  used,  respectively  in  conjunction  with 
1024x1024  collocation  points.  Temporal  integration  equal  to 
approximately  50  large  eddy  turno'/cr  time  was  performed.  Vortex 
pairing  was  observed  at  Reynolds  number  of  100.  For  Reynolds 
numbers  which  were  higher  than  1000,  turbulent  flow  field  was 
generated  by  the  onset  of  hydrodynamic  instability  and  inverse 
cascading  was  observed  in  the  later  stage  of  the  interactions.  The  slope 
of  the  energy  spectrum  at  the  inertial  subrange  changed  with  tin*  and  in 
some  instances,  the  theoretical  value  of  -3  was  predicted. 

’work  supervised  by  Prof.  Tony  Maxworthy  and  J.A.  Domaradzki 


16:47 

JA  5  Direct  Numerical  Simulation  of  a  Turbulent  Boundary  Laver 
with  Heat  Transfer.3  D.M,  BELL,  J.H.  FERZIGER,  Stanford  Univ..  P. 
R.  SPALART,  Boeing. —  The  unsteady,  three-dimensional, 
incompressible  Na  icr-Stokes  equations,  and  the  passive  scalar  form  of 
the  energy  equation,  are  solved  numerically  for  the  spatially-developing 
flat-plate  boundary  layer.  The  solution  for  several  Prandtl  numbers  is 
computed  simultaneously  with  a  single  flow  field  solution.  Results  have 
been  obtained  for  momentum  thickness  Reynolds  numbers  300  <  Re^  < 
700,  and  Pr  =  0.1,  0.71,  and  2.0.  The  computed  mean  profiles,  integral 
quantities  and  turbulence  quantities  agree  very  well  with  experiments. 
The  results  also  support  the  Reynolds  analogy  for  Pr  =  0.7  and  2.0,  but 
not  for  Pr  =  0.1,  at  these  Reynolds  numbers. 

■This  work  is  supported  with  funding  from  Wright  Patterson  and  NAS. 
17K30 

ja6  Large-Scale. Sffutai)Tajn-Etiit>aicalli'  Forced  2-0  Flows-  B, 

N7COLAENKO,  Arizona  State  Univ..  Z.S.  SHE.  Princeton  Univ.  — 
The  dynamics  of  large  scale  structures  in  2-D  flow,  is  related  to  both 
enstrophy  cascade  and  inverse  energy  cascade.  We  present  results  from 
large-scale  simulations  of  2-D  generalized  Kolmozorov  flows  at  Re  - 
10,000.  These  ate  forced  flows  with  shear  instabilities,  with  a  force 
periodically  modulated  in  space.  Specific  forces  considered  are  i) 
anisotropic  forces  with  a  single  large-scale  Fourier  wave-vector 
component,  and  ii)  isotropic  forces  with  a  tandom  Fourier  wave  vector 
distribution  on  a  fixed  spherical  shell.  Both  cases  arc  simulated  with 
and  without  stochastic  noise.  The  anistropic  case  is  characterized  by 
strong  competing  dynamics  between  large-scale  rotating  coherent 
vortices  and  Saffman  vortex  sheets.  The  local  shearing  effects  result  in 
localized  enstrophy  cascades,  which  we  demonstrate  as  a  wave-like 
propagation  of  enstrophy  toward  small  scales.  The  isotropic  esse 
exhibits  large-scale  structures  in  the  streamline  patterns,  with  some 
evidence  of  inverse  energy  cascade,  whereas  voracity  remains  turbulent 
at  small  scales. 


17:13 

JA  7  Direct  Numerical  Simulation  of  Turbulent  Flow  in  a  .Sonnre 
Channel.  A.  HUfiER  and  S.  BIRINGEN,  Univ.  of  Colorado-Bonlder. 
—  A  study  for  generating  an  accurate  description  of  a  fully  developed, 
low  Reynolds  mtraber,  anisotropic  turbulent  flow  in  a  square  channel  is 
presented.  The  numerical  scheme  employs  a  time-splitting  method  to 
inregratr  the  full  Navier-Stokes  equations  using  spectral/fuiite  difference 
discretization  on  a  staggered  mesh. 

Tune  averaged  results  are  compared  with  the  available  experimental 
results.  Higher  order  correlations  are  presented  with  emphasis  on  the 
behavior  of  the  Reynolds  stress  and  the  dissipation  rate  budgets  along 


the  two  intersecting  walls.  These  results  are  used  to  investigate 
anisotropic  turbulence  models  and  boundary-conditions  for  modeling  of 
such  flows.  The  vortex  dynamics  responsible  for  generation  of  the 
secondary  flow  are  discussed. 
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15:55 

JB  1  Small-Scale  Topology-of  a.2:l  Aspect-Rano^EUintic  Jcl. 
THOMAS  AUSTIN  and  HO.  CHIH-M1NG,  Univ.  So.  Calif. -The 
small-scale  topology  of  a  homogeneous,  subsonic  elliptic  jet  is 
investigated  for  the  purpose  of  controlling  small-scale  transition  and, 
ultimately,  fint -scale  mixing.  The  length  scale  of  the  small  structures 
responsible  for  -nergv  dissipation  is  found  to  be  larger  than  the 
Kolmogorov  seal*  and  s mallei  titan  the  Taylor  microscale.  The 
streamwise  velocity  fluctuations  are  measured  within  the  first  ten  jet  exit 
diameters  in  the  shear  layer  over  the  range,  Re^*  3xl0M.7xltE.  The 
data  is  analyzed  by  the  Peak-Vallev-Coiintin?  method,  which  yields 
population  distributions  and  length  scales  of  the  small-scale  activity. 
The  flow  will  be  actively  controlled  by  acoustic  forcing  ar  the  jet  exit  to 
increase  small-scale  production  and  enhance  fine-scale  mixing. 

Supported  by  AFOSR  Grant  No.  90-0301. 


16:08 

JB  2  Instantaneous  Spatial  Structure  of  a  Confined  Swirling-Flo? 
DUNSKY  &  C.F.  F.DWARDS.  Sanriia  National  Laboratories  - 
instantaneous  spatial  structure  of  a  confined  swirling  flow  uuwnscr 
various  throat  geometries  is  investigated  via  transient  planar  Mie  sc; 
imaging.  Tht  flow  corresponds  to  the  cold  flow  conditions  in  the 
axi symmetric  optical  access  research  furnace.  This  furnace  is  used  for  sti 
swirl- stabilized  combusting  sprays,  and  has  an  octagonal  cross  sectit 
area-equivalent  diameter  of  58.5  cm.  and  throat  diameters  ranging  from  1 
cm.  Previous  LDV  studies  indicate  that  typical  time-averaged  ax 
tangential  velocity  components  in  the  turbulent  flow  are  10  and 
respectively.  The  planar  Mie  scattering  technique  allows  for  unamt 
visualization  of  flow  structure  by  slicing  through  the  flow  with  a  thin 
Laser  light  sheet  at  various  locations  in  the  axia/radial  and  radial/az 
planes.  Typical  images  obtained  in  a  diametral  plane  of  the  flow 
structures  of  various  scales  not  resolved  by  time-averaged  measuremet 
suggest  that  a  vonicity  description  may  be  appropriate  for  characteriz 
type  of  flow. 

10.21 

JB  3  His  Effect  of  Yclreuy  and  Density.  Ratio  on  the, Miami;  af 
Subsonic  lets.  PJ.  STRYKOWSKi,  Uiy.v.  of  Minnesota,  and  A. 
ICROTHAPALLI,  Florida  A&M  Uaiv.  &  Honda  State  Univ.  —  Recent 
studies  in  low-speed  jets1  indicate  that  mixing,  and  entrainment  can  be 
effectively  controlled  by  establishing  coun.ercurrent  mixing  in  the  jet 
shear  layers;  countercurrent  mixing  is  created  by  applying  suction 
around  the  jet  periphery.  In  the  present  investigation  "the  effect  of 
suction  (velocity  ratio)  on  jet  mixing  is  examined  tn  a  subsonic  circular 
jet  up  to  a  Mach  number  of  unity.  In  addition,  experiments  were 
performed  at  density  ratios  pj«/pambient  between  0.5  and  1  by  hearing 
the  jet  The  experiments  weir  designed  to  map  the  mixing  properties  of 
the  jet  in  the  velocity-ratio/density-ratio  plane  at  several  subsonic  Mach 
numbers.  Measurements  reveal  that  above  a  critical  velocity  ratio  the  jet 
mixing  can  be  significantly  enhanced.  This  enhancement  is  due  to  a 
strong  forcing  of  the  jet  at  supercritical  velocity  ratios,  which  we  believe 
is  related  to  the  absolutely  unstable  nature  of  the  velociry  profiles  in  the 
near  field  of  the  jet. 

•Srrykowski,  P.J.  &  Niecum,  D.L.  3  991  J.  Fluid  Me.ch.  227,  309- 
343. 


16:34 

JB  -4  Differential  Molecular  Diffusion  at  High  Schmidt  Numbers  in 
Turbulent  Water  Jets.  JJL.  SAYLOR  &  K-R.  SREENIVASAN,  Yale 
II-  —  Two-dimensional  laser  induced  fluorescence  imaging  was  used  to 
detennine  whether  differences  in  the  molecular  diffusivily  of  passive 


Vol.  36.  No.  10  (1991) 


2710 


1988  AFOSR  CONTRACTORS  MEETING  ON  TURBULENCE 

28'30  JUNE  1988,  University  of  Southern  California  ' 


ENTRAINMENT  OF  ASYMMETRIC  JETS 


AFOSR  CONTRACT  NO.  F4962Q-82-K-Q019 


Chih-Ming  Ho  and  Thomas  Austin 


Department  of  Aerospace  Engineering 
University  of  Southern  California 
Los  Angeles,  California  90089-1191 


SUMMARY 

The  control  of  mass  transfer  between  two  streams  of  fluids  is  an  important  technological 
problem  in  turbulence  research.  Ho  and  Gutmark  [1987]  found  that  a  small  aspect  ratio 
elliptic  jet  can  entrain  approximately  five  times  more  mass  as  compared  with  a  circular 
jet.  This  efficient  passive  control  technique  was  due  to  a  new  entrainment  mechanism  - 
unsteady  deformation  of  vortical  structures  caused  by  self-induction.  In  this  presentation, 
we  surruTiaiiEe  some  recent  studies  in  this  area. 

TECHNICAL  DISCUSSIONS 

Homogeneous  Elliptic  Jet: 

In  many  engineering  devices,  the  efficiency  will  be  much  improved,  if  the  mass  transfer  in 
the  transverse  direction  can  be  increased.  The  large  vortical  structures  are  responsible 
for  engulfing  fluids  from  both  streams  and  mix  them  in  the  shear  region.  In  a  two- 
dimensional  flow,  the  coalescense  of  these  structures  was  identified  to  be  the  main 
entrainment  mechanism  [Winant  and  Browand  1974]. 

Ho  and  Gutmark  [1982,  1987j  found  that  an  elliptic  jet  can  entrain  several  times  more  fluid 
than  a  two-dimensional  jet,  either  a  circular  or  a  plane  jet  [Fig.  1],  More  importantly,  they 
identified  a  new  mechanism,  other  than  vortex  merging,  for  mass  transfer.  The  self- 
induction  of  an  elliptic  vortex  ring  will  make  the  structure  switch  its  axis  orientation.  The 
vortex  element  near  the  minor  axis  moves  outward  and  the  vortex  near  the  major  axis 
moves  toward  the  jet  axis.  This  process  makes  a  large  amount  of  ambient  fluid  move 
into  the  jet  near  the  original  minor  axis  region. 

Hot  Elliptic  Jet: 

One  of  the  main  applications  of  entrainment  enhancement  is  to  improve  the  efficiency  of 
combustion.  The  high  temperature  gradient  between  the  ambient  cold  fluid  and  the  hot 
combustion  jet  will  certainly  modify  the  vorticity  distribution  of  the  coherent  structures. 
Hence  the  self-induction  will  also  be  affected.  In  order  to  examine  the  tamperature 
effects  on  the  entrainment,  we  installed  electric  heaters  in  the  elliptic  jet  and  can  heat  the 
jet  upto  500°  F.  In  this  way,  we  can  isolate  the  influences  of  the  temperature  and  the 
chemical  reaction  on  the  vortex  deformation. 
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The  entrainment  rate  of  the  hot  jet  was  found  to  be  about  253/o  above  the  coid  elliptic  jet 
[Fig.  2].  Apparently,  the  axi , -switching  must  be  modified  by  the  temperature  gradient. 
Based  upon  the  time  averaged  velocity  profiles,  we  found  that  the  switching  position  is 
changed  (Fig.  3],  The  reasons  for  the  changes  of  switching  position  and  the  more 
efficient  mass  entrainment  are  not  clear  yet.  However,  it  is  obvious  that  a  fundamental 
understanding  of  this  process  will  lead  to  further  development  of  the  entrainment  control 
techniques. 

Elliptic  Jet  with  Combustion: 

The  advantages  of  using  an  elliptic  jet  in  combustion  is  aiso  phenomenal.  Schadow  et  al. 
[1984]  used  a  3:1  elliptical  nozzle  in  a  premixed  jet  flame.  Trey  found  that  the  centerline 
temperature  increased  sharply  a  short  distance  from  the  elliptic  nozzle.  At  end  of  the 
test  section,  the  temperature  was  much  higher  than  that  of  a  circular  jet  (Fig.  4],  By 
using  some  other  asymmetric  nozzles,  they  were  not  only  able  to  increase  the 
combustion  efficiency  but  also  minimize  the  combustion  instability. 

Supersonic  Asymmetric  Jet: 

The  spreading  rate  of  a  supersonic  shear  layer  is  much  slower  than  that  of  a  subsonic 
flow.  Obviously,  the  combustion  efficiency  of  supersonic  flame  is  hindered  much  by  the 
low  mixing  rate.  This  is  the  most  pressing  problem  in  developing  a  hypersonic  aircraft. 
In  a  preliminary  experiment,  we  found  that  by  using  the  small  aspect  rectangular  nozzle  it 
was  possible  to  enhance  the  entrainment  as  it  did  in  the  subsonic  flow.  Fig.  5  shows  the 
spreading  of  several  shear  layers.  The  M  =  2.4  flows  spread  slower  than  the  M  =  0.6 
flows.  However,  the  improvement  of  the  rectangular  nozzle  over  the  circular  nozzle  is 
about  the  same  for  both  supersonic  and  subsonic  jets  in  the  far  downstream  locations.  In 
the  near  field,  we  did  not  measure  the  mass  flow  rate,  but  the  variations  of  the  cross- 
section  area  ratios  are  similar  for  supersonic  and  subsonic  cases  [Fig.  6].  Hence,  we 
expect  that  tne  supersonic  rectangular  jet  will  entrain  much  more  mass  than  that  of  a 
supersonic  circular  jet  in  the  region  near  the  nozzle. 
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ABSTRACT  In  engineering  devices  involving  chemical  reaction, 
it  is  important  to  be  able  to  control  the  mass  transfer  between 
two  streams  of  fluids.  Ho  and  Gutmark  [1]  useu  a  small  aspect 
ratio  elliptic  jet  which  can  significantly  enhance  the 
entrainment.  This  efficient  passive  control  technique  is  due  to 
the  unsteady  deformation  of  3-D  vortical  structures  caused  by 
self-induction. 

1. Passive  and  Active  Control  of  Free  Shear  Layers 

The  possibility  of  controlling  the  mass  transfer  in  the 
transverse  direction  of  a  shear  layer  is  important  in  improving 
the  efficiency  of  devices  with  chemical  reaction.  In  a 
two-dimensional  flow,  the  coalescense  of  the  vortical 
structures  in  the  shear  layer  was  identified  to  be  the  main 
entrainment  mechanism  [2].  If  the  vortex  merging  is 
prohibited,  the  growth  of  the  mixing  layer  i.s  stopped  or  even 
decreased  [3].  On  the  other  hand,  if  the  shear  layer  is 
actively  perturbed  by  the  subharmonics  of  the  most  amplified 
frequency,  multiple  vortices  will  merge  simultaneously  [4]. 
The  growth  of  the  shear  layer  is  increased. 

The  spatial  development  of  the  shear  layer  is  extremely 
sensitive  to  the  initial  perturbations  or  the  boundary 
conditions.  The  alternative  approach  of  controlling  the 
enhancement  is  to  change  the  upstream  boundary  condition  of  the 
shear  layer.  Ho  and  Gutmark  [1,  5]  found  that  a  jet  with  an 
elliptic  nozzle  can  entrain  much  more  fluid  than  that  of  a 
circular  or  a  plane  jet  [Fig.  1].  This  passive  control  method 
is  even  more  advantageous  for  engineering  applications,  because 
no  delicate  forcing  arrangement  is  required.  More  importantly, 
they  identified  a  new  entrainment  mechanism;  the  self-induction 
of  an  elliptic  vortex  ring  makes  the  structure  switch  its  axis 
orientation,  the  vortex  element  near  the  minor  axis  moves 
outward  and  makes  a  large  amount  of  ambient  fluid  move  into  the 
jet  near  the  minor  axis  region.  This  concept  can  be 
generalized  and  used  in  other  flow  configurations,  such  as 
combustion  chamber. 


2 . Appl ications  in  Combustion 

The  ramjet  is  a  device  which  can  be  benifited  by  the 
entr ianment  contol  technique.  There  is  a  short  distance  from 
the  flame  holder  to  the  exhaust  nozzle.  Combustion  needs  to  be 
accomplished  during  a  short  residence  time  and  combustion 


instability  has  been  a  troublesome  problem.  The  advantages  of 
using  an  elliptic  .jet  in  the  ram.jet  has  been  shown  to  be 
phenomenal.  Schadow  et  al.  [6]  used  a  3:1  elliptical  nozzle 
in  a  jet  with  combustion.  They  found  that  the  centerline 
temperature  increased  sharply  a  short  distance  from  the 
elliptic  nozzle.  At  the  end  of  the  jet  potential  core,  the 
tempe  rature 

was  much  higher  than  that  of  a  circular  jet  [Fig.  2]. 

The  combustion  instability  problem  was  alivated  by  using 
another  type  of  asymmetric  nozzle.  They  used  a  triangular 
nozzle  and  injected  fuel  near  the  tips  of  the  triangle  [7].  In 
this  way,  the  fuel  is  mixed  by  the  small  eddies  near  the  tips 
and  the  large  structures  do  not  trigger  the  combustion 
instab il ity . 

3. Supersonic  Asymmetric  Jet 

The  spreading  rate  of  a  supersonic  shear  layer  is  much 
slower  than  that  of  a  subsonic  flow  and  the  combustion 
efficiency  of  supersonic  flame  is  hindered  by  the  low 
mixing  rate.  Actually,  this  is  the  most  pressing  problem  in 
developing  a  hypersonic  aircraft.  In  a  preliminary  experiment, 
we  fcund  that  the  small  aspect  ratio  rectangular  nozzle  could 
enhance  the  entrainment  as  it  did  in  the  subsonic  flow  [8]. 

In  general,  the  supersonic  flows  spread  slower  than  that 
of  subsonic  flows.  However,  the  entrainment  improvement  of  the 
rectangular  nozzle  over  the  circular  nozzle  is  about  the  same 
for  both  supersonic  and  subsonic  jets  in  the  far  downstream 
locations.  Near  the  Nozzle,  the  variations  of  the 
cross-section  area  ratios,  indicating  the  shear  layer 
spreading,  are  similar  for  supersonic  and  subsonic  cases. 
Hence,  we  expect  that  the  supersonic  rectangular  jet  will 
entrain  more  mass  than  that  of  a  supersonic  circular  jet  in  the 
region  near  the  nozzle. 

4. Asymmetric  Jet  in  Confinement 

Most  of  the  combustion  is  taking  place  inside  a  confined 
space.  The  entrainment  process  is  very  different  from  a  shear 
layer  in  the  free  space.  As  has  been  pointed  out  in  our 
previous  findings  [1]  the  unsteady  evolution  of  the  vortex 
structures  can  engulf  the  fluids  into  the  mixing  region.  We 
used  a  2:1  aspect  ratio  rectangular  jet  in  a  confined 
environment.  The  deformation  of  the  vortical  structures  was 
found  to  be  much  more  convoluted  than  those  in  a  free  jet. 
These  deformations  are  produced  by  the  local  3-D  shear  layer 
and  the  induction  of  the  image  vortex.  In  other  words,  a 
properly  designed  confinement  should  be  able  to  facilitate  the 
mixing  process. 
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1.  Introduction 

The  study  of  turbulent  jet  shear  flow  pbns  an  important  role  fat  numerous  engineering  applications.  Free  and 
confined  jets  are  common  devices  present  in  miring  processes  and  the  production  of  thrust.  It  is  therefore  desirous  to 
control  mixing,  or  the  transfer  of  mass,  heat  and  momentum.  Combustion  is  an  extremely  com  Ucated  process 
involving  fluid  dynamics,  chemical  kinetics  and  acoustic  interactions.  Heat  release  in  subsonic  and  sup*u.,onl"  checricany 
reacting  flows  Is  believed  to  be  associated  with  vortex  dynamics  in  which  large  scales  provide  the  bulk  of  mixing 
between  the  feel  and  aiid'ier.  Successive  interactions  among  large  scales  produce  smaller  scales  which  ir:  turn  give  fisc 
towards  finer  mixing  and  initiate  reactions  leading  to  combustion  at  the  molecular  ievd,  When  hut  Is  released  in  a 
chemically  reacting  turbulent  shear  layer  the  resulting  flow  is  characterised  by  a  nonconstant  density  field  whose 
imposed  nonhomogeneity  couples  the  effeos  of  fluid  dynamics  to  chemistry.  Ii  is  important  to  understand  the  directly 
coupled  effects  that  tuibule  :  shear  flow  and  combustion  processes  have  upon  each  other.  Therefore,  to  control  and  to 
improve  combustion  characteristics  one  needs  to  passively,  If  not  actively,  direct  the  developmental  processes  uflarge- 
and  small-scale  structures  in  shear  flews. 


1.1  Elliptic  Jen 

A  passive  method  of  enhancing  the  tate  of  entrainment  by  as  much  as  500%  in  subsonic  open  muk.  flows  has 
been  obtained  by  modifying  circular  nozde  geometry  to  a  2;1  aspect-ratio  ellipse.1  (figure  1)  This  design  offers  a 
passive  mixing  control  device  and,  more  importantly,  it  is  more  efficient  than  either  a  conventional  two-dimensional  or 
axisymmuric  nozzle.  Small  aspect-ratio  elliptic  modes  k*ve  exhibited  significantly  higher  spreading  and  entrainment 
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rates  providing  improved  large-scale  mixing  properties  .  This  concept  has  been  successfully  demonstrated  at  both 
subsonic3  and  supersonic  conditions,3  in  a  confined  dump  combustor,4  and  in  high-temperature  ramjet  facilities 
yielding  increased  combustion  efficiency.5 

Toroidal  elliptic  vortices  are  shed  at  the  elliptic  nozzle  exit.  They  are  characterized  by  varying  radii  of  curvature 
such  that  the  section  of  the  ring  in  the  major  axis  plane  with  minimum  radius  of  curvature  is  converted  faster 
downstream  by  nature  of  the  Biot-Savart  Law  of  induction  than  the  minor  axis  section  of  maximum  radius  of  curvature. 
The  faster  moving  section  of  the  major  axis  section  coovects  forward  as  it  bends  inward  decreasing  its  local  radius  of 
curvature  until  it  matches  the  radius  of  curvature  of  the  minor  axis  section  which  is  concurrently  moving  outwards.  This 
process  of  self-induciion  is  the  principle  mechanism  driving  entrainment  in  a  2:1  aspru-ratio  elliptic  jet  by  measurements 
which  indicate  as  much  as  ten  times  more  entrainment  in  the  minor  axis  than  the  major  axis  region  of  a  2:1  aspect-ratio 
elliptic  jet  The  phenomenon  of  axis  switching  occurs  when  the  initially  elliptic  ring  momentarily  sustains  a  circular 
configuration  following  a  series  of  downstream  distortions.  These  dynamics  which  are  unique  to  three-dimensional 
nozzles  dramatically  enhance  spreading  and  mixing  in  small-aspcct  ratio  elliptic  j«  Sows. 

Recent  measurements  reveal  that  initial  conditions  in  three-dimensional  jet  nozzles  profoundly  alter  the  downstream 
evolution  of  the  flow.  Two  prominent  features  associated  with  the  flow,  the  location  of  the  first  axis  switching  and  mass 
entrainment,  were  found  to  vary  significantly  with  exit  velocity  and  exit  temperature.  The  location  of  the  first  axis 
switching  of  the  elliptic  vortices  increased  downstream  in  direct  proportion  to  the  mean  exit  velocity  and  in  inverse 
proportion  to  the  mean  exit  temperature.  Accordingly,  measurements  of  the  mass  entrainment  increased  with  higher 
exit  temperatures  and  decreased  with  higher  exit  velocities.  These  results  reaffirm  the  existence  of  a  strong  correlation 
between  the  dynamics  of  the  elliptic  vortex  tings  and  their  associated  axis  switchings  with  mass  entrainment  by  the 
large  scales  verifying  that  the  flow  is  driven  by  ndf-iaductiag  elliptic  vortices.4 

UVK»  Strvrtvmm  sfrgffafesg 

Turbulent  shear  flows  are  now  known  to  be  composed  of  structures  of  varying  dimension  and  are  characterized  by 
a  specific  phase  coherency.7  The  process  of  turbulent  mixing  begins  with  the  entrainment  of  ambient  fluid  into  the 
flow  by  either  merging  or  self-inducting  large-scale  vortices.  In  plane  mixing  layers1  and  axisymmctric  jet  flows’  the 
dynamics  of  vortex  merging  is  responsible  for  the  growth  of  the  turbulent  shear  layer  in  both  homogeneous  flows  and 
chemically  reacting  mixing  layers.10  However,  in  the  three-dimensional  flow  fields  characteristic  of  elliptic  jets  a  second 
mechanism  caused  by  the  self-induction  motions  of  the  azimuthally  deformed  elliptic  vortices  controls  large-scale 
mating.  Self-induction  is  responsible  foe  the  elliptic  jet's  large  rate  of  entrainment,  and  its  effect  upon  the  mean  flow  is 
evident  in  the  constant  velocity  contours  at  downstream  jet  cross-sections,  (figure  2) 

Successive  interactions  among  the  energetic,  coherent  span  wise  (or  toroidal)  and  streamwise  large-scale  structures, 
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respectively,  instigate  the  production  of  smaller,  three-dimensional  scales  within  the  cores  of  the  vortices  coinciding 
with  the  turbulent  transition  region.11  The  onset  of  small  scales  convolutes  the  topology  of  the  large  scales  thereby 
increasing  their  intcracial  surtax  area.  The  engulfed  material  is  broken  down  into  smaller  homogeneous  parcels  and 
the  process  concludes  at  scales  below  the  Kolmogorov  microscale  where  molecular  diffusion  smears  out  remaining 
velocity  gradients  and  chemical  processes  are  initiated.  The  most  probable  length  scale  of  the  small  structures  lies 
between  the  Kolmogorov  microscale  and  the  Taylor  microscale  and  this  small  scale  appears  to  be  responsible  far 
dissipating  most  of  the  kinetic  en  gy  of  the  mean  flow  into  heat  thereby  steering  the  meting  process  towards  completion.12 
Products  of  chemical  reactions  concentrate  within  the  huge  scales  and  in  particular  among  the  small-scale  regions15. 
Planar  laser  induced  fluorescence  flow  visualization  of  hydroxyl  concentrations  reveal  the  existence  of  combustion 
products  within  vortex  cores.14  Therefore,  small  scale  concentrations  appear  to  overlap  zones  of  combustion  in 
reacting  shear  Layers  and  increased  small-scale  production  increases  fine-mixing  which  enhances  combustion. 

13  Excitation  Effects 

Non-reacting  turbulent  free  shear  layers15  and  combustion  processes14  have  been  shown  to  be  sensitive  to  the 
external  excitation  corresponding  to  the  initial  instability  frequency  dictating  their  formation.  This  fra  reinforces  the 
possibility  of  indirectly  controlling  combustion  by  the  passive  and  active  methods  successfully  employed  in  controlling 
coherent  structures  in  non-reacting  shear  layers.  The  reasons  far  can  trolling  combustion  are  three-fold,  to  raise  the 
amount  of  energy  released  and  increase  thrust,  to  extend  flammability  limits  thereby  broadening  the  operational  range 
and  to  eliminate  potentially  disastrous  combustion  instabilities.  Zofaar  has  enhanced  small-scale  production  in  a  plane 
mixing  layer  by  forcing  at  the  shear  layer  mode  plus  its  first  subhannonic.11  (figure  3)  Jets  are  uniquely  characterized  by 
two  length  scales,  their  initial  momentum  thickness  an  exit  diameter.  Preferred  mode  forcing  involves  acoustic  forcing 
at  the  frequency  corresponding  to  a  constant  Strouhal  number  (nondlraenskmal  frequency)  based  on  the  exit  diameter, 
Sfc  =0.4.17  Its  global  effect  on  the  ensuing  shear  layer  is  to  delay  vortex  merging  by  driving  the  creation  of  larger 
structures  and  isolating  the  effects  of  self-induction  from  vortex  pairing  in  an  elliptic  jet 

1.4  Motivation 

Operation  of  hypersonic  aerospace  vehicles,  the  United  States  National  Aerospace  Plane  and  vehicles  similar  to  it, 
will  require  supersonic  mating  inside  scraxnjct  combustors.  Potential  benefits  arising  from  the  application  of  elliptic 
shaped  nozzles  indude,  improved  comhaistioo  efficiency,  the  alleviation  of  combustion  instability,  subsonic  and  supersonic 
exhaust  noise  reduction;  vectored  thrust  for  increased  aircraft  agility;  thrust  augmentation  ejectors  for  Vertical/Short 
Takeoff  or  Landing  aircraft;  aircraft  engine  infrared  signature  reduction  contributing  towards  stealth;18  laser  ejector 
pumps;  and  improved  steam  ejectors  in  heat-acmated  heat  pumps15. 
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1  -■  importance  of  understanding  the  role  of  the  smaller  structures  in  noting  processes  motivates  our  current 
research.  In  two-dimensional  flow,  including  plane  miring  layers  and  axisymmetric  jets,  the  process  of  vortex  merging  is 
responsible  for  entrainment  and  small-scale  production.  However,  in  three-dimensional  flow  fields  vortet  self-induction 
dominates  entrainment  Therefore,  it  is  important  to  study  the  effect  of  self-induction  on  the  generation  of  small  scales 
in  elliptic  jets.  It  is  proposed  to  actively  ante  the  flow  field  by  means  of  acoustic  forcing  in  an  attempt  to  control 
small-scale  production  and  improve  fine-scale  mixing.  In  this  light  the  small-scale  topology  of  a  homogeneous,  subsonic 
2: 1  aspect-ratio  elliptic  jet  is  investigated  for  the  purpose  of  controlling  small-scale  transition  and,  ultimately,  fine-scale 
mixing.  Streamwise  velocity  fluctuations  are  measured  and  analyzed  by  phase-avenging  and  Feak-Valiey-Counting 
methods  in  a  region  four  semimajor,  a,  axis  diameters  downstream  of  the  exit  where  the  flow  is  becoming  fully 
turbulent 

2.  Experimental  Procedure 

11  Jet  Facility 

The  experimental  subsonic  jet  facility  is  driven  by  multiple  centrifugal  blowers  in  parallel  and  opentes  at  a 
maximum  exit  velocity  of  85  m/s  bordering  the  upper  limit  of  incompressibility.  The  flow  enters  an  ancchoically  treated 
cylindrical  chamber,  contracts  into  an  aluminum  stagnation  of  conssn t  dimeter  and  passes  through  aluminum 

honeycomb,  aluminum  foam,  and  a  series  of  fine  wire  mesh  screens  where  the  flow  field  becomes  more  uniform  and 
less  turbulent  An  aluminum  composite  nozzle  smoothly  contracts  to  a  2:1  aspect-ratio  elliptical  orifice  with  dimensions 
of  2"  (major  axis,  2a)  by  1”  (minor  axis,  2b).  (see  figure  4). 

A  small  azimuthally  symmetric  forcing  chamber  is  machined  into  the  nozzle  ezit  permitting  complete  circumferential 
acoustic  forcing  of  the  initial  shear  layer,  (figure  5)  Four  Realistic  13  speakers  with  a  response  range  between  100  Hz 
and  15  kHz  emit  at  opposed  ends  of  the  major  and  minor  axes,  respectively,  at  the  name  exit  to  perturb  the  flow.  The 
speakers  are  powered  by  a  pair  of  two-channel  Carver  M-200t  I20W  per  channel  power  amplifiers.  The  output  is 
synthesized  by  cither  a  B&K  function  generator  which  sends  continuous  siaewaves,  a  simple  arbitrary  waveform 
transmitted  by  an  RC  Electronics  Waveform  Generator  or  a  more  complicated  high-frequency  waveform  sent  via  a 
li~dunnei  Data  Translation  DT-2814  digital-to-analog  converter.  The  acoustic  field  generated  by  the  azimuthally 
positioned  speakers  was  uniform  across  the  span  to  within  5%  of  the  RMS  pressure  levels  measured  by  a  microphone  at 
the  exit 

Turbulent  velocity  signals  containing  the  signatures  of  the  large  and  small  scales  in  the  shear  layer  as  well  as  the 
inotadorul  fluctuations  induced  into  the  quiescent  fluid  by  the  passage  of  the  large  scales  are  sampled  by  two  Dantec 
55171  hot-wire  probes  connected  to  a  constant-temperature  circuit  which  provides  a  flat  frequency  response  to  30  kHz. 
The  sensor  consists  of  a  0.0001"  diameter  pladnum-10%  rhodium  wire  attached  to  0.75  mm  wide  probes  mounted  on  a 
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microcomputer  controlled  mwersc  system  translatable  in  three -dimensions.  Hence,  small  scales  larger  than  the  probe 
separation  with  frequencies  smaller  than  the  operating  range  of  the  hot-wire  circuit  are  resolvable.  This  places  an 
elective  upper  limit  of  SO  m/s  at  tbe  exit  upon  the  operation  of  the  facility.  The  fluctuating  data  is  digitized,  recorded 
and  analyzed  by  a  PC  AT  microcomputer-controlled  analog-digital  converter  at  acquisition  rates  up  to  1  MHz.  Final 
processing  is  performed  on  a  Macintosh  Dfit  workstation. 

22  Ptah-Valley-Counting  Method 

Measurements  of  longitudinal  velocity  fluctuations  are  undertaken  throughout  a  cross-sectional  cut  orthogonal  to 
the  mean  flow  four  semimajor  ass  lengths  downstream.  Every  data  time  record  contained  at  least  15,000  small  scales 
and  2,000  large  scale  structures  to  insure  statistical  reliability.  The  velocity  traces  contain  low-frequency  fluctuations 
caused  by  the  large-scale  structures  and  higher  frequency  fluctuations  some  of  which  are  due  to  the  presence  of  small 
scales.  Phase-averaged  data  from  the  second  hot-wire  provides  local  large-scale  statistics  allowing  for  the  purposes  of 
conditional  averaging .  The  FcakVallcy-Counting  method  developed  by  Huang*  and  Hsiao11  and  improved  by  Zohar” 
was  used  to  detect  the  small-scale  structures.  This  algorithm  generates  a  pulse  train  corresponding  to  the  proper  local 
extrema  associated  with  small-scale  fluctuations  in  a  turbulent  velocity  signal  by  employing  a  series  of  logical  conditions, 
(figure  6)  The  anal  locations  of  the  actual  snail-scale  fluctuations  are  obtained  by  discriminating  among  the  ‘peaks’  and 
‘valleys’  of  the  time  signal  which  indudes  the  removal  of  false  fluctuations,  erroneous  consecutive  maxima  (or  minima), 
analog-digUal-amverter  noise  components  and  random  high-frequency  noise  by  incorporating  specific  amplitude  and 
temporal  threshold  levels  throughout  the  five  stages  of  the  algorithm. 

3-  Results  and  Discussion 

$.1  Initial  Conditions 

The  small-scale  topology  of  the  elliptic  jet  was  investigated  at  an  exit  velocity,  U0  “  45  m/s,  corresponding  to  a 
Reynolds  number  based  on  hydraulic  diameter  of  105.  Two  cases  are  considered,  first  the  natural  flow  and  second,  the 
jet  excited  at  its  Preferred  Mode  by  forcing  atij,  =>*  570  Hz  with  an  amplitude  of  12%  of  the  free  stream  mean  velocity  at 
tbe  centerline  of  the  jet  exit  The  initial  momentum  thickness,  8,  for  the  unfbrccc  case  is  0.12  mm  corresponding  to  a 
Reynolds  number  based  on  initial  momentum  thickness  of  10J,  2nd  increases  to  0.33  mm  under  forcing. 

'The  shear  layer  initially  rolls-up  via  the  KdvixvHclmholtz  instability  mechanism  into  vortices  two  instability 
wavelengths,  downstream  at  the  frequency  corresponding  to  shear  layer  Strouhal  number,  Sfe  =  f  fVU„=  0.017  in 
accordance  with  linear  instacility  theory. n  The  power  spectra  obtained  from  a  fast  fburier  transform  analysis  of  the 
initial  unforced  flow  reveals  tbe  initial  frequency  and  its  first  subfunuonic  indicative  of  vortex  pairing  at  four  A, 
downstream,  (figures  7a,  7b)  Preferred  mode  forcing  effectively  suppresses  vortex  pairing  at  the  fust  instability  frequency 
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subhannonic  and  instead  pumps  energy  from  the  mean  flow  to  form  larger  more  coherent  vortices  at  570  Hz  by  the 
collective  interaction  process,20  (figures  7c,  7d)  Therefore,  in  the  forced  case  only  the  elects  of  selfinduction  dictate 
the  evolution  of  the  flow  as  well  as  production  of  the  small  stales. 

jU2  Streamwise  Measurements 

The  mean  centerline  velocity  distribution  with  respect  to  downstream  distance  illustrates  the  dramatic  effect  of 
forcing  by  the  decreased  length  of  the  potential  core  region  in  the  elliptic  jet  from  x/a  =  5tox/a  =  3anda  33%  smaller 
mean  velocity  further  downstream  in  the  turbulent  region,  (figure  8a)  A  similar  plot  of  the  root-mean-square  velocity 
shows  twice  as  much  fluctuating  energy  in  the  center  of  the  flow  in  the  transitional  region  at  the  end  of  the  potential 
core  between  s/a*  4  to  ztx  ■  7  which  also  coincides  with  the  region  of  very  large  entrainment  into  the  mean  flow, 
(figure  8b) 

Small-scale  populations  in  the  streamwise  direction  for  the  unforced  case  are  measured  by  the  Peak-Valley-Counting 
method  and  reveal  a  similar  picture  similar  to  the  plane  mating  layer,  (figure  9)  The  number  of  small  scales  increases 
sharply  from  the  first  vortex  merging  position  at  xft,,*  4  to  the  second  merging  position  at  xA,  *  &  The  distribution 
peaks  at  the  third  merging  position,  i/a,*  and  gradually  decreases  downstream  -there  is  no  downstream  asymptotic 
pLucau-luc  region,  in  the  case  or  the  pane  maang  layer  energy  is  constantly  supplied  to  the  mean  flow  from  nonzero 
velocity  regions  above  and  below  the  shear  layer.  A  turbulent  jet  with  2en>  ooflow  docs  not  receive  energy  beyond  the 
exit  nozzle  and  hence  the  kinetic  energy  of  the  flow  field,  which  is  imparted  to  the  small-scale  structures  from  the 
large-scale  structures  via  an  energy  cascade  Suhion,  steadily  decays  downstream  and  is  dissipated  into  heat  by  the 

small  otIph 

A  still  unknown  nonlinear  secondary  instability  triggers  production  of  small  scales  within  the  cores  of  the  spanwise 
large  scales  and  may  be  in  part  due  to  complex  stretching  and  tilting  process  among  the  large  scales.  The  region  of 
transition  to  full  turbulence  appears  to  follow  the  first  vortex  merging  and  approaching  completeness  after  the  second 
vortex  merging.  Evidence  of  this  is  provided  by  the  number  of  small  sales  per  initial  large  scale  as  calculated  by  the 
Peak-Vaiky-Counting  method12, 20,  the  -5/5  slope  of  the  roll-off  exponent  of  the  one-dimensional  energy  spectrum9, 
and  increased  chemical  product  concentration.24  (figure  10)  Hence  the  Location  xa*  4  in  the  elliptic  jet  flow  was 
qualified  for  detailed  investigation  of  the  small-scale  topology  because  if  is  at  the  third  vortex  merging  location  and  is  a 
region  approaching  fully  turbulent  conditions. 

3.5  Small-scale  Topology 

At  four  sanimajor  axis  lengths  downstream  the  small-scale  population  densities  were  mapped  out  over  a  12  by  12 
grid  encompassing  a  spaUu  cross-section  interacting  the  entire  mean  flow.  Following  symmetry  checks  only  one 
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quadrant  in  the  flow  cross-section  Is  measured.  The  Peak-Valley-Counting  method  deteas  and  extracts  spatial,  temporal 
and  velocity  information  associated  with  the  small-scale  structures  embedded  in  the  coherent  large  scales  yielding 
population  distributions,  leng±  scales  and  frequencies  pertaining  to  the  small-scale  activity. 

The  mean  velocity  profile  across  the  major  and  minor  axes,  respectively,  atxza=  4  show  distortions  in  the  profile 
when  the  flow  is  forced  at  the  Preferred  Mode.  These  distortions  vary  with  the  forcing  level  and  one  observes  in  general 
an  increase  in  the  jet  width  resulting  in  greater  spreading  of  the  flow  Add,  in  the  minor  axis  in  particular,  (figure  11) 
Density  plots  overlaid  by  constant  population  contours  of  the  number  of  small  scales  per  local  large  scale  show  greatest 
concentrations  of  the  small  scales  in  the  shear  layer  of  the  jet  for  both  cases,  (figure  12)  The  population  distribution  In 
the  unforced  case  appears  'fuller1  with  more  curvature  than  the  forced  case.  In  general  both  contour  plots  appear 
similar  in  shape  and  density  strongly  suggesting  that  self-induction  dynamics  govern  the  evolution  of  the  elliptic  jet 
rather  than  the  mechanism  of  vortex  merging.  The  maximum  number  of  small  scales  per  local  large  scale  attains  a  value 
of  8.8  in  the  forced  case  and  is  10%  greater  than  the  peak  of  8.1  in  the  natural  flow.  Forcing  at  the  frequency  predicted 
by  linear  instability  theory1  increases  the  coherence  of  the  large  scale  structures  by  phase-ioddng  them  into  a  more 
unique  frequency  and  pattern.  This  would  increase  the  capacity  of  the  large  scale  structures  to  contain  more  smaller 
scales  as  described  here.  It  is  interesting  to  note  that  for  both  natural  and  forced  cases  the  maximum  number  of  small 
scales  are  located  in  the  majur  axis  region  of  the  shear  layer  rather  than  die  minor  axis.  Previous  measurements  have 
shown  that  the  minor  axis  region  of  an  elliptic  jet  flow  are  characterized  by  larger  spread’ ng  rates  and  consequently 
entrain  more  fluid.  However,  due  to  the  nature  of  the  unsteadily  deforming  elliptic  vortices  which  comprise  the  annular 
shear  layer  other  cross-sectional  further  measurements  at  upstream  and  downstream  strcamwisc  kxaticais  are  necessary 
before  the  flow  topology  can  be  folly  understood. 

The  volume  integral  of  the  population  density  contours  representing  the  total  nun  her  of  small-scale  structures 
throughout  the  cross-section  revealed  that  the  forced  case  produced  25%  fewer  total  small  scales  than  the  natural  case. 
This  finding  is  significant  because  vortex  merging  has  been  believed  to  perform  an  important  tole  in  the  evolution  of  all 
turbulent  free  shear  layers,  however,  now  It  appears  that  in  the  case  of  the  three-dimensional  elliptic  How  field  the 
dynamics  of  vortex  self-induction  is  responsible  for  75%  of  the  small-scale  production.  As  the  natural  case  did  produce 
25%  more  small  scales  than  the  forced  case  one  can  surmise  that  the  strain  rate  produced  by  vortex  merging  is  more 
effective  in  the  generation  of  small  scales  than  that  produced  by  the  self-induction  process.  To  increase  the  production 
of  small  scales  in  an  elliptic  jet  Sow  would  therefore  suggest  forcing  at  the  initial  instability  frequency  and  its  related 
subhannonics  rather  than  the  Preferred  Mode  frequency  thereby  promoting  more  energetic  vortex  merging. 

Further  analysis  of  the  small-scale  populations  were  performed  by  examining  slices  along  the  major  axis  direction 
at  equivalent  minor  axis  (z/b)  stations,  (figure  13)  At  first  glance  It  appears  that  the  forced  case  (f=4)  populations  are 
similar  if  not  grater  than  their  natural  (f=0)  counterparts.  Careful  observation  at  stations  within  the  shear  layer,  zfo  =* 
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0.76  through  zfb  =  1.4,  reveal  greater  population  levels  near  the  cote  of  the  flow  which  account  for  the  25%  larger 
number  of  smalt  scales  in  the  natural  flow. 

At  every  station  in  the  measured  region  the  Peak-Valley-Counting  method  builds  up  a  statistically  meaning  hi’  cogram 
of  the  number  of  small  scales  corresponding  to  a  specific  frequency  associated  with  the  fluctuations  of  the  small  scales. 
The  small-scale  frequency  histograms  illustrate  the  existence  of  a  most  probable  frequency  associated  with  the  small 
scales  and  that  it  is  mnaant  throughout  the  entire  crass-sectional  region  of  the  flow.  In  the  current  investigation  where 
the  ReD=  ltf  the  most  probable  frequency  of  the  small  scales  is  13,900  Hz.  Previous  measurements  reveal  the  frequency 
to  increase  with  Reynolds  number.  At  the  center  of  the  flow  there  is  little  or  no  small-scale  activity,  but  at  increasing 
radially  outward  locations  along  the  major  axis  the  histogram  begins  to  rake  on  a  recognizable  shape  with  a  discernible 
constant  peak  of  the  most  probable  small-scale  frequency.  Finally  at  towatds  the  edge  of  the  shear  layer  the  small-scale 
frequency  histograms  diminish,  (figure  14)  The  forced  case  shows  similar  progression  along  the  major  axis  with  the 
same  most  probable  small-scale  frequency,  (figure  15)  A  characteristic  small-scaie  length  can  be  estimated  as  /,=  U ,//,*• 
1.6  mm,  where/,  represents  the  most  probable  small-scale  frequency  and  convection  velocity  is  Uc*  U0  x  0.6. 

4.  Conclusion 

Preliminary  imer-tigations  upon  the  small-scale  topology  of  a  2:1  aspect-ratio  elliptic  jet  have  been  performed  by 
the  Peak-Valley-CourUing  method.  At  an  exit  velocity  of  45  mis  the  unforced  elliptic  jet  transitions  to  full  turbulence  at 
the  third  vortex  merging.  Downstream  of  this  location  energy  dissipation  becomes  greater  than  the  level  of  kinetic 
energy  remaining  in  the  flow.  Small  scales  are  distributed  mainly  within  the  shear  layer  region  and  exhibit  a  preference 
towards  the  major  axis  region.  Acoustic  forcing  at  the  Preferred  Mode  effectively  suppresses  vortex  merging  and  isolates 
the  effects  of  self-induction  and  causes  greater  spreading  of  the  mean  flow  fidd.  Forcing  created  a  25%  decrease  in  the 
smaii-scaie  populations  but  did  not  significantly  alter  the  topology  of  the  turbulent  structures.  Therefore,  the  mechanism 
of  self-induction  is  more  desirable  than  vortex  merging  in  turbulent  jet  flows  because  it  is  responsible  for  improved 
large-scale  mixing  and  appears  to  be  the  dominant  naerhanism  in  the  production  of  small  scales  in  the  elliptic  jet  These 
results  support  the  axouragmg  reports  involving  elliptic  nozzles  over  circular  nozzles  in  chemically  reacting  e~pcrimrnts. 

Quantitatively,  Preferred  Mode  forcing  decreased  the  number  of  small  scales  by  25%  thereby  reducing  the  small-scale 
mixing  process.  The  peaks  of  the  frequency  histograms  throughout  'die  enter  region  of  interest  for  both  natural  and 
forced  cases  yielded  a  most  probable  small-scale  frequency,  /, 3  13,900  Hz,  translating  into  a  characteristic  small-scale 
length,  r,  *  1.6  mm,  Therefore  the  scale  of  fine  turbulence  is  unchanged  by  forcing  and  it  Is  constant  at  a  given 
Reynolds  number  similar  to  the  Taylor  and  Kolmogorov  microscales. 

2:1  aspect-ratio  elliptic  jets  appear  by  many  accounts  to  be  very  promising  improvements  over  axisyinmetric  jet 
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configurations  because  of  their  enhanced  large-scale  and  small-scale  mixing  characteristics.  Further  inrcsdgatioa  of  the 
topology  of  the  small-scale  structures  and  the  mechanism  governing  their  formation  by  the  self-interacting  large-scale 
structures  will  significantly  aid  in  the  understanding  of  controlling  and  increasing  production  of  the  small  scales.  This 
endeavor  will  promos  an  understanding  of  the  effects  of  fine-scale  mixing  which  is  essenul  to  subsonic  and  supersonic 
combustion  processes. 

This  -work  is  supported  by  the  Air  Foret  Office  of  Scientific  Research  under  Grant  No.  AFOSR-9O-G301 
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Abstract 

The  turbulent  flow  of  a  heated  subsonic  elliptic  jet 
of  2:1  aspect  ratio  was  studied  experimentally.  The  flow 
strucure  was  visualized  using  planar  imaging  by  a 
focusing  schlieren  system  and  conventional  still  and 
motion  photography.  Density  gradients  in  an 
inhomogeneous  flow  permit  visualization  of  the  resultant 
bending  light  rays  by  a  schlieren  system.  Focusing 
Schlieren  is  a  long  overlooked  improvement  upon  the 
original  arrangement  as  it  permits  visualization  of 
individual  plane  sections  of  finite  depth  within  a  strati¬ 
fied  gas  flow.  Actual  planar  slices  revealed  individual 
cross-sections  of  large-scale  vortical  structures  and 
smali-scale  three  dimensional  turbulence  in  the  jet. 

introduction 

Flow  visualization  of  heated  jet  flow  is  a  simple 
and  helpful  tool  to  aid  in  the  analysis  of  the  dynamics  of 
turbulence.  A  heated  jet  can  simulate  the  combustion 
process  involving  the  mixing  of  hot  fluid  with  ambient 
air.  The  ability  to  visualize  the  flow  dynamics  in  the  jet 
increases  the  overall  understanding  of  mixing  and 
combustion  phenomena  in  general. 

Light  behaves  as  a  series  of  wavefronts,  such  that 
when  two  plane  waves  at  small  .ingles  propagate  in  the 
same  direction,  their  amplitudes  sum  together.  The 
resulting  light  wave  will  form  light  and  dark  fringes —  an 
interference  pattern.  Fringe  separation  is  indicative  of  the 
difference  in  the  optical  path  length  which  in  turn  is  the 

integral  of  refractive  index  times  traversed  length,' 

' 

O.P.L  =  n  ds 

Schlieren  flow  visualization  is  based  on  the 
fundamental  concept  chat  the  speed  of  light  is  inversely 
proportional  to  the  index  of  retraction,  ,n,  of  the  medium. 
In  rum,  the  Index  of  refraction  is  directly  proportional  to 
the  density  of  the  medium,  p,  where  (3  =  0.000292.1 

n  =  1 

PO 


Light  wave  fronts  turn  and  refract  in  variable 
density  flow  owing  to  the  variation  in  the  index  of 
retraction.  In  the  basic  schlieren  system  ordinary  white 
light  is  focused  into  parallel  beams  by  being  passed 
through  a  lens  and  transmitted  across  a  test  section.  See 
.  figure  1 .  A  second  lens  subsequently  focuses  the  rays 
thereby  forming  a  final  image.  By  blocking  part  of  the 
light  at  the  focus  of  the  image  with  a  knife  edge  the 
screen  visualizes  the  gradient  of  density  normal  to  the 
knife  edge. 
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FIG.  1  Basic  Schlieren  System. 


Therefore,  the  deflected  light  in  a  schlieren  system 
is  intercepted  prior  to  the  formation  of  its  image  and  the 
sections  of  the  field  traversed  by  the  light  rays  become 
darker.  Only  a  single  plane  is  focused  upon  in  this 
manner,  however,  light  is  integrated  along  its  entire  path 
and  the  method  does  not  yield  a  true  image  of  a  plane 
within  the  flow.  A  more  practical  albeit  larger  schlieren 
set-up  replaces  both  lenses  with  inexpensive  concave 
mirrors  relocating  the  light  source  and  screen  off  axis.3 
Shadowgraphy  is  equivalent  to  schlieren  visualization 
except  there  is  no  knife  edge  and  the  imaging  displays 
the  second  derivative  of  the  density.*  The  schlieren 
method  is  found  to  be  more  sensitive  than  the  shadow¬ 
graph  method  and  is  better  suited  towards  visualizing 
low-temperature  flows.5 

The  line-of-sight  integration  peculiar  to  conven¬ 
tional  schlieren  and  shadowgraph  imagery  drastically 
limits  the  ability  to  study  the  inner  structure  of  a  compli¬ 
cated  flow  field.  Therefore,  conventional  schlieren  and 
shadowgraph  methods  cannot  image  individual  planes 
within  the  flow  field,  whereas  Focusing  Schlieren  depicts 
a  more  accurate  image  of  the  structures  embedded 
within  the  plane  of  the  -low.  The  method  of  Focusing 
Schlieren  was  originaily  developed  forty'  years  ago  by 
Ralph  Button6,  and  Amur  Kantrowitz  and  Robert 
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Trimpi7,  reviewed  by  R.  Buzzard11  and  very  recently 
improved  by  Leonard  Weinstein.’ 

The  Focusing  Schlieren  system  uses  multiple 
light  sources  by  passing  light  through  a  grating,  whose 
lines  are  typically  aligned  parallel  to  the  mean  flow 
studied.  In  this  manner  many  beams  of  iight  pass 
through  any  given  point  within  the  test  section  and 
subsequently  there  will  be  many  beams  of  deflected  light 
within  the  test  section.  Finally,  there  must  be  multiple 
knife  edges  or  curoffs  to  focus  and  filter  the  incoming 
rays.  A  screen  receives  rays  which  have  passed  through 
one  given  point.  Other  points  intercept  and  deflea  these 
rays  but  none  of  the  rays  focusing  upon  the  screen  will 
have  encountered  any  points  in  common,  along  their 
respeaive  paths.  Only  the  deflection  from  the  common 
points  within  a  plane  in  the  test  section  will  contribute  to 
the  intensity  of  light  at  the  screen.  Other  planes  remain 
out  of  focus  and  their  offset  images  blur  out  as  in  the 
focusing  of  ordinary  lenses.  There  is  only  one  moving 
part-  the  screen  which  is  translated  forwards  and 
backwards  to  visualize  different  planes  in  the  test 
seaion. 

Focusing  Schlieren  Flow  Diagnostic  Method 

Visualization  was  performed  on  a  heated  subsonic 
elliptic  jet  whose  exit  nozzle  geometry  was  charaaer- 
izea  by  a  2:i  aspect  ratio.  See  figure  2.  Flow  in  an 
elliptic  jet  is  highly  three-dimensional  establishing  it  as  a 
good  subjea  for  Focusing  Schlieren  measurements. 
Maximum  exit  velocity  of  the  jet  was  85  m/s  and  exit 
temperature  was  165  °C,  respeaively.  The  density  in  the 
potential  core  of  the  jet  was  low  enough  to  enable  the 
flow  to  be  visualized  even  though  its  value  was  only 
65%  of  ambient  density. 
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FIG.  2  2:1  Aspect  Ratio  Elliptic  Jet  Facility. 


The  princioie  viewing  area  of  interest  is  shown  in 
figure  3.  The  size  of  the  flow  region  in  the  near  field  of 
the  elliptic  jet  dictated  the  minimum  size  of  the  neces¬ 
sary  optics  for  visualization. 
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FiC.  3  .let  Exit  Nozzle  Facility. 

Previous  measurements  of  velocity  and  tempera¬ 
ture  profiles  utilizing  hot-wire,  cold-wire,  pitot  tube  and 
thermistor  sensors  indicated  the  approximate  boundaries 
of  the  flow. 

The  laws  of  optics  dictated  the  dimesnions  of  the 
Focusing  Schlieren  flow  diagnostic  facility,  specifically 
the  let is  maker's  formula.' 

-L+i-.L 

d0  di  f 

Where  d.  is  the  distance  between  the  first  set  of 
Ronchi  Rulings  and  the  primary  lens,  d,  is  the  distance 
between  the  second  set  of  Ronchi  Ruiings  and  the 
primary  lens,  and  f  is  the  effective  focal  length  of  the 
primary  lens.  Weinstein  obtained  highest  quality  images 
with  a  distance  ratio  of  d /d,  =  2.  The  main  drawback 
with  this  ratio  is  that  it  diaates  a  longer  facility  than  for  a 
distance  ratio  of  say,  a/d,  =  1 . 
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FIG-  -  Focusing  Schlieren  Facility. 


white  light  is  emitted  from  a  variable  strobed  lignt 
source.  General  Radio*’  1540  Strobolume  Oscillator, 
controlled  bv  a  function  generator.  Light  is  collimated  by 
a  10.5  inch  focal  length  Fresnel  Lens  from  Edmund 
Scientific  and  passes  through  Ronchi  Rulings  consisting 
of  vertical  25  line  per  inch  fringes.  The  fringe  pattern 
was  drawn  on  an  Apple  Macintosh-3  llfx  microcomputer 
with  Ashlar  Vellum-3  drafting  software  arid  printed  onto 
3Mffl  transparency  paper  by  an  Apple  LaserWriter3  IINT 
laser  printer. 

Light  rays  penetrate  the  jet  region  and  are  focused 
by  a  1 0  incn  converging  lens,  arid  then  are  deflected  by 
a  second  set  of  Ronchi  Rulings.  The  second  Ronchi 
Rulings  were  created  by  placing  Kodak  Ektapan*  8"  x  IQ" 
black  and  white  photographic  paper  at  the  location  of 
the  second  Rulings  and  exposing  it  to  the  image  created 
by  the  first  set  of  Rulings  for  one  second  duration  under 
very  low  intensity  white  light  in  a  blacked-out  room.  The 
resultant  film  was  over  developed  by  two  extra  minutes 
in  addition  to  the  required  ten  minutes  ;n  Kodak 
Microaol-X®  film  developer  .so  as  to  obtain  very  dark 
fringe  patterns. 

The  second  set  or  fringes  is  aligned  with  the  first  set 
of  fringes  such  that  an  interference  image  of  moire 
patterns  disappears.  Trie  final  plane  image  within  the 
flow  appears  on  a  cardboard  viewing  screen  behind  the 
second  Ronchi  Ruling  or  on  ground  glass  from  Edmund 
Scientific  to  er.ab!  .:  .'ecording  of  the  flow  by  camera. 

The  entire  system  is  fixed  with  respect  to  the  jet 
nozzle  except  for  the  viewing  screen  which  is  required 
to  move  in  ?.  linear  fashion  so  as  to  allow  focusing  of 
various  planes  within  the  flow.  As  weil,  the  entire  system 
is  painted  black  to  prevent  stray  light  reflection  and  it 
rests  on  a  sturdy  steel  frame  to  prevent  bending  of  the 
optical  path  because  the  resulting  interference  pattern  is 
sensitive  to  shifts  in  both  Ronchi  Rulings.  The  entire  set¬ 
up  was  snieided  from  exterior  light  with  black  curtains. 

Recording  of  the  images  on  the  ground  glass  screen 
was  done  by  an  ELMO  SE  301  black  &  white  CCD  TV 
Camera  connected  to  a  Panasonic*  TL  AG  6750  Super 
VHS  Video  Cassette  Recorder  and  Panasonic*  CT  2010- 
V  Color  Video  Monitor.  Still  black  and  white  images 
were  taker,  by  a  Pentax-3  Scopmatic  F  35mm  Camera  with 
a  Vivitar0 1  ’A. 5  macro  focusing  zoom  lens  ana  a  Nikon® 
F4S  35mm  Camera  with  Vivitar"0  V.4.5  macro  focusing 
zoom  lens  on  Kodak3  TMAX  1 00  ASA  and  TMAX  400 
ASA  film.  The  overall  sharpness  of  the  image  on  film  is 
limited  due  to  diffraction  effect  and  lower  speed  films 
are  preferable  because  they  have  a  finer  grain.  Final 
prints  were  developed  using  Kodak  Polycontrast  ill®  RC 
black  and  white  photographic  paper  with  3.0  color  filters 
and  Ilford  5.1M  black  and  white  photographic  paper. 

Results  and  Discussion 

The  principle  focusing  lens  should  be  achromatic 
or  employ  green  or  ye'iow-orange  color  filters  to  correct 


color  distortions.  Trie  lens  aperture  should  be  large 
enough  to  obtain  a  snorter  depth  of  focus  and  at  the 
same  time  should  *5ve  a  short  focal  length  in  order  to 
minimize  the  size  or  the  entire  system.  A  depth  of  focus 
between  '/,  and  1  ,a  of  an  inch  was  obtained.  The  jet 
region  visualized  was  between  2  and  6  inches  deep, 
therefore,  planes  occupying  no  more  than  five  percent  of 
the  volume  of  interest  could  be  individually  visualized. 
Initially,  an  achromatic  12  inch  focal  length  converging 
lens  of  smaller  acerzure  than  the  10  inch  focal  length 
lens  created  a  poor  cepth  of  focus  between  '/2  and  ‘/to f 
an  inch  deep.lf  the  lens  aperture  is  too  large  it  may  be 
stopped  down  witrt  an  iris  diaphragm. 

The  system  was  indifferent  to  the  type  of  light 
source-  both  continuous  rectangular  white  light  and 
strobed  square  ligrt  sources  were  employed.  An  image 
formed  as  long  as  anv  light  source  was  placed  in  the 
same  fixed  position.  The  intensity  of  the  light  source  can 
be  diminshed  with  ootical  density  filters.10 

The  lining  uo  and  fine  adjustment  of  the  fringe 
patterns  was  very  important  towards  obtaining  an 
acceptable  image,  it  was  found  that  21  lines  per  inch 
was  the  highest  ruiir.g  density  that  yielded  the  best 
images.  A  word  of  caution  must  be  included  about  the 
creation  of  the  seccr.c  set  of  fringes:  they  must  be 
properly  archived  bv  oeing  run  through  film  developing 
fixer  and  a  v  3ter  batti  twice,  respectively.  Weinstein  has 
developed  a  simple  scaling  rule  to  determine  the  number 
of  fringes,  (number  of  lines  per  inch  on  fringe)  x  (dis¬ 
tance  of  image  grid  to  final  image  in  inches)  >  100.'° 
Observations  of  the  flow  dearly  revealed 
vortices  when  imaging  plane  cuts  through  the  center  of 
the  jet.  Otherwise,  focusing  at  other  cross-sections  jet 
permits  visualizations  of  vortical  structures  at  non¬ 
perpendicular  angles  and  the  images  become  unrecog¬ 
nizable.  See  figures  5a  and  5o.  However,  focusing  on 
cross-sections  near  trie  jet  edge  faintly  revealed 
streaniwise  vorticai  structures.  See  figure  5c. 
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Figure  5a  Figure  5b  Figure  5c 

Videotape  of  re  -low  was  digitized  by  ImageLab® 
software  and  hardware  on  a  UN1PAQ®  386  PC  micro¬ 
computer,  processed  on  an  Apple  Macintosh®  lltx 
microcomputer  using  SoyglasS  Transform-3  software, 
enhanced  with  Sii'ccn  3each  Digital  Darkroom-3  soft¬ 
ware  and  printed  bv  *.:*  Apuie  LaserWriter3  IINT  Post¬ 
script*1  laser  prints'"  See  Apoe.ndix  A. 


One  of  the  shortcomings  associated  with  this 
system  is  that  the  size  or"  the  final  image  is  geometrically 
distorted.  As  one  focuses  different  planes  by  moving  the 
viewing  screen  further  away  from  the  object,  the  result¬ 
ant  image  grows  linearly.  See  figure  6. 


Figure  6.  Image  Distortion. 

Single  picture  and  video  photography  required  that 
the  image  be  recorded  from  behind  a  plate  of  ground 
glass.  Super-VHS  is  a  good  video  storage  format  because 
of  its  high-resolution,  especially  for  digital  image  pro¬ 
cessing.  In  addition,  single  shot  pictures  required 
triggering  of  a  single-flash  stroboscope  immediately 
following  the  opening  of  the  camera  shutter  for  the 
duration  of  half  a  second.  The  image  cannot  be  directly 
recorded  by  a  CCD  camera,  but  it  may  by  placing  4"  by 
5"  sheet  film  held  in  a  lens-less  camera  at  the  desired 
local  plane  of  the  image.  The  system  could  be  improved 
upon  by  the  addition  of  a  commercially  available  optical 
bench  to  insure  a  more  stable  light  path. 

Conclusions 

Focusing  Schlieren  yields  more  qualitative  f swell 
as  quantitative  data  than  conventional  schlieren  and 
shadowgraph  methods.  Focusing  Schlieren  method  is  a 
non-intrusive  flow  visualization  method  that  works  very 
well-  belter  than  conventional  schlieren  or  shadowgraph 
techniques  which  integrate  intensity  along  the  entire 
light  path.  Conventional  schlieren  or  shadowgraphy  is 
only  useful  in  flows  having  translational  symmetry.  This 
is  why  the  simple  layout  of  two-dimensional  mixing 
layers  has  been  the  preferred  choice  over  circular  or 
three-dimensional  jets  in  combustion  research.  A  two- 
dimensional  flow  facilitates  the  application  of  line-of- 
sight  optical  diagnostic  techniques.  Smoke-wire  tech¬ 
niques  visualize  streaklines  qualitatively,  but  are  intru¬ 
sive  and  thus  disturb  the  flow.  They  may  not  clearly  help 
identifying  vortical  structures  in  the  shear  layer  at 
moderate  to  high  velocities."  Fully  three-dimensional 
turbulent  flow  fields  can  be  visualized  tomographically, 
but  this  is  a  complicated  and  time-consuming  process.  It 
is  apparent  that  Focusing  Schlieren  will  permit  visual 
investigation  of  three-dimensional,  and  hence  more 
realistic,  flow  field. 

The  Focusing  Schlieren  method  also  requires  a 
smaller  optical  set-up  than  conventional  schlieren  or 
shadowgraph  due  to  its,direct  light  path  which  does  not 
require  mirrors.  HowevW,  a  very  good  quality  lens  is  a 
necessity  making  the  system  more  expensive.  Overall, 
Focusing  Schlieren  is  a  more  difficult  system  to  set-up. 


In  the  future,  Super-VHS  videotape  images  will  be 
processed  on  an  Apple0  Macintosh  llfx  workstation  or  a 
Sun°  3/160  workstation  driving  a  Gould®  IP9515  image 
processor.  Image  frames  will  be  digitized  to  display  and 
analyze  contours  of  constant  temperature;  to  enhance 
and  contrast  flow  structures  from  the  background;  to 
detea  eoges;  smoothen  and  reduce  noise;  create  graphs; 
and  compute  radiance.  The  fractal  dimension  of 
inhomogeneous  flow  could  be  estimated  from  digitized 
images  as  described  by  Gutmark  et  al.'*  Finally,  Focusing 
Schlieren  can  be  expanded  into  an  elaborate  three- 
dimensional  holographic  diagnostic  facility.’ 
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Abstract 

Large-scale  and  small-scak  mixing  processes  in  sub¬ 
sonic  curbulenc  jet  flows  have  been  passively  enhanced 
by  che  application  of  small  aspect-ratio  elliptic  nczzle 
geometry  and  actively  enhanced  by  che  application  of 
Preferred  Mode  forcing.  The  evolution  of  che  asymmetri¬ 
cally  deforming  coherenc  elliptic  vortices  is  responsible 
for  large-scale  mixing  in  asymmecric  jets  thereby  signifi¬ 
cantly  enhancing  the  rate  of  encrammenc  by  means  of 
che  self -induction  process.  The  effects  of  the  self-inducdon 
mechanism  are  strongly  enhanced  at  lower  Reynolds 
numbers  and  higher  temperatures.  Therefore,  jet  spread¬ 
ing  and  entrainment  are  controllable  by  varying  the  exit 
veiocicy  and  cemperacure.  Small-scale  production  occurs 
within  the  toroidal  vortices  principally  due  to  self- 
inducdon  unlike  two-dimensional  free  shear  layers  where 
small  scales  arise  through  che  action  cf  vortex  merging. 
The  vortex  merging  process  was  suppressed  by  forcing 
che  elliptic  jet  at  the  exit  at  the  Preferred  Mode  frequency 
effectively  isolating  the  influence  of  self-induction. 
Small-scale  structures  were  successfully  detected  by  pro¬ 
cessing  turbulent  fluctuating  velocity  signals  with  the 
Peax-Valley-Code  algorithm.  Preferred  Mode  feeing 
enhanced  the  large-scale  seif-induction  processes  and 
modified  che  small-scale  mixing  process  buc  did  not  alter 
che  characteristics  of  the  small  scales. 

I.  Introduction 

The  study  of  turbulent  jet  shear  flow  plays  an  impor¬ 
tant  role  in  numerous  engineering  applications,  jets  form 
due  to  how  issuing  from  a  nozzle  and  the  rcsulcant  velocity 
difference  forms  a  shear  layer  consisting  cf  coherent  vor¬ 
tical  structures  whose  dynamics  are  responsible  for  en¬ 
training  surrounding  fluid.  Free  and  confined  jets  arc 
common  devices  present  in  mixing  processes  and  the 
production  of  thrust.  It  is  therefore  desirous  to  control 
mixing,  or  che  transfer  of  mass,  heat  and  momentum, 
Successive  interactions  among  Large  scales  produce 
smaller  scales  which  in  cum  give  rise  towards  liner  mixing 
and  initiate  any  possible  chemical  reactions  at  the 
molecular  level.  When  beac  is  released  in  a  chemically 
reacting  nirnulenc  shear  layer  che  r  ulang  flow  is 
characterized  by  a  nonconstant  den...y  tleid  whose 
imposed  nonhomogeneicy  couples  die  effects  of  fluid 


dynamics  to  chemistry.  1c  is  important  to  understand  the 
directly  coupied  effects  due  turbulent  shear  flows  and 
combustion  processes  have  upon  each  other.  Therefore, 
to  control  and  to  improve  turbulent  mixing  races,  and 
combustion  properties  in  particular,  one  needs  co 
passively,  if  not  actively,  direct  the  developmental 
processes  of  large-  and  small-scale  structures  in  free  shear 
flows. 


Turbulent  shear  flows  are  now  known  to  be  composed 
of  structures  of  varying  dimension  and  are  characterized 
by  a  specific  phase  coherency.’  The  process  of  curbulenc 
mixing  begins  with  the  entrainment  of  ambient  fluid 
into  the  flow  by  either  merging  or  self-inducting  large- 
scale  vortices.  Ir.  plane  mixing  layers’  and  axisymmeuic 
jet  flows3  che  dynamics  of  vortex  merging  is  responsible 
for  the  growth  of  the  turbulent  shear  layer  in  both 
homogeneous  flows  and  chemically  reacting  mixing 
layers.4  However,  in  the  three-dimensional  flow  fields 
characteristic  of  elliptic  jets  a  second  mechanism  caused 
by  the  self-induction  motions  of  the  azimuchally 
deformed  elliptic  vortices  controls  large-scale  mixing. 

Successive  interactions  among  che  energetic, 
coherenc  spanwise  tor  toroidal)  and  streamwise  large-scale 
structures,  respectively,  instigate  che  production  of 
smaller,  three-dimensional  scales  within  the  cores  of  the 
vortices  coinciding  with  the  turbulent  transition  region/ 
The  onset  of  small  scales  convoluccs  che  copology  of  the 
large  scales  increasing  their  interfacial  surface  area.  The 
engulfed  material  is  broken  down  into  smaller  homoge¬ 
neous  parcels  and  the  process  concludes  at  scales  below 
the  Kolmogorov  microscale  where  molecular  diffusion 
smears  out  remaining  velocity  gradients  and  chemical 
processes  may  be  iniuated.  The  most  probable  length 
scale  of  me  small  structures  lies  between  che  Kolmogorov 
microscale  ana  he  Taylor  microscale  -and  this  small  scale 
appears  co  be  responsible  for  dissipating  most  of  che 
kinetic  energy  of  tire  mean  flow  into  heat  thereby  steering 
the  mixing  process  cowards  completion/  Products  of 
chemical  reactions  appear  10  concentrate  within  che  large 
scales  and  in  particular  among  the  small-scale  regions.7 
Planar  laser  induced  fluorescence  flow  visualization  of 
hydroxyl  concentrations  supports  this  view  by  revealing 
the  existence  of  combustion  products  within  vortex 
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tores.3  Therefore,  smail  scale  concentrations  appear  co 
overlap  zones  of  combustion  in  reacting  shear  layers  inti 
increased  small-scale  production  increases  fine-mixing 
which  enhances  combustion. 

passive  method  of  enhancing  che  race  of  entrainment 
by  as  much  as  500%  in  subsonic  open  nozzle  flows  has 
been  obtained  by  modifying  circular  nozzle  geometrv  to 
a  2:1  aspect-ratio  ellipse.9  (figure  1)  This  design  offers 
a  passive  mixing  control  device  and,  more  importantly, 
it  is  more  efficient  than  either  a  conventional  two- 
dimensional  or  axisymmetric  nozzle.  Small  aspect-ratio 
elliptic  nozzles  have  exhibited  significantly  higher  spread¬ 
ing  and  entrainment  rates  providing  improved  large-scaie 
mixing  properties.  Self-induction  is  responsible  for  the 
elliptic  iec's  large  rare  of  entrainment,  and  its  effect  upon 
die  mean  flow  is  evident  in  the  constanc  velocity  contours 
at  downstream  jet  cross-sections,  (figure  2)  This  concept 
has  been  successfully  demonstrated  at  both  subsonic'0 
and  supersonic  conditions,11  in  a  confined  dump  com- 
bustor.^and  in  high-cemperacure  ramjet  facilities  yield¬ 
ing  increased  combustion  efficiency.13 

Toroidal  elliptic  vortices  are  shed  ac  the  elliptic  nozzle 
exit.  They  are  characterized  by  varying  radii  of  curvature 
such  chat  the  section  of  che  ring  in  che  major  axis  plane 
with  minimum  radius  of  curvature  is  convected  faster 
downstream  by  nature  of  che  Bioc-Savart  Law  of  induction 
than  the  minor  axis  section  with  maximum  radius  of 
curvature.  The  fascer  moving  section  of  che  major  axis 
section  conveccs  forward  as  it  bends  inward  decreasing 
its  local  radius  of  curvature  until  it  matches  the  radius  of 
curvature  of  che  minor  axis  section  which  is  concurrently 
advancing  outwards.  This  process  of  self-induction  is  the 
principle  mechanism  driving  entrainment  in  a  small 
aspect-ratio  elliptic  jet  as  revealed  by  measurements  evi¬ 
dencing  as  much  as  cen  umes  more  entrainment  in  the 
minor  axis  region  chan  the  major  axis  region  of  a  2:1 
aspect-ratio  ellipcic  jet.  The  phenomenon  of  oxx  srstufnng 
occurs  when  die  initially  elliptic  ring  momentarily  sustains 
a  circular  configuration  following  a  series  of  downstream 
dscorrioru.  These  dynamics  which  are  unique  co  chrce- 
dimensionul  nozzles  dramatically  enhance  spreading  and 
mixing  in  small  aspect-ratio  elliptic  jet  flows. 

Operation  of  hypersonic  aerospace  vehicles,  includ¬ 
ing  die  United  Sates  National  Aerospace  Plane  and  ve¬ 
hicles  similar  to  it,  will  require  supersonic  mixing  inside 
scramjec  combustors.  Pocentiai  benefits  arising  from  che 
application  of  elliptic  shaped  nozzles  include,  improved 
combustion  efficiency;  che  alleviation  of  combusuon  in¬ 
stability;  subsonic  anu  supersonic  exhausc  noise  leduc- 
uon;  vectored  thrust  for  increased  aircraft  1l  lie/;  thrust 
augmentation  ejectors  for  Vertical/Shorc  Takeoff  or  Land¬ 
ing  aircraft;  nu  bo  fan  engine  infrared  siguacure  reduction 
contributing  towards  stealth;'*  laser  ejector  purnps;  anu 
improved  steam  ejectors  in  hect-actuar.ed  heat  pumps.  5 

The  importance  of  undersanding  the  roie  of  the 


smaller  structures  In  mixing  processes  motivates  our 
current  research  and  their  generation  by  large-scale 
vortices.  In  two-dimensional  flows,  including  plane  mix¬ 
ing  layers  and  ixisvmmetric  jets,  the  process  of  vortex 
merging  is  resoonsibie  for  large  scale  growth,  entrainment 
and  small-scaie  production.  However,  in  three- 
dimensional  flow  ileitis  vorcex  self-induction  dominates 
encrainmenc.  In  this  light  the  effect  of  large-scale  self- 
induction  on  the  generation  of  smail  scales  in  elliptic 
jets  is  investigated  for  the  purpose  of  controlling 
entrainment  as  wei!  as  small-scale  mixing. 

II.  Experimental  Procedure 

II.  1  let  Facility 

The  experimental  subsonic  jet  facility  is  driven  by 
multiple  centrifugal  biowers  in  parailel  and  operates  at  a 
maximum  exit  velocity  of  85  m/s  bordering  ac  che  upper 
limit  of  incompressibility.  The  flow  enters  on  anechoically 
treated  cylindrical  chamber,  contracts  into  an  aluminum 
stagnation  chamber  of  constant  diameter  and  passes 
through  aluminum  honeycomb,  aluminum  foam,  and  a 
series  of  fine  wire  mesh  screens  where  the  flow  field 
becomes  more  uniform  and  less  turbulent.  .An  aluminum 
composite  nozzle  smoothly  contracts  co  a  2:1  aspect-ratio 
elliptical  orifice  with  dimensions  of  2”  (major  axis,  2a)  by 
1"  (minor  axis,  2b).  (see  figure  5). 

A  small  azimutr.allv  symmetric  forcing  chamber  is 
machined  into  the  nozzle  exit  permitting  complete 
circumferential  acoustic  forcing  of  the  initial  shear  layer. 
Four  Realistic  ’13’  speakers  with  a  response  range  of 
100-15,000  Hz  emit  at  opposice  ends  of  che  major  and 
minor  axes,  respectively,  ac  che  nozzle  exit  to  perturb 
che  flow.  The  speakers  arc  powered  by  a  pair  of  two- 
channel  Carver  M-Z00t  120W  per  channel  power 
amplifiers.  The  output  is  synthesized  by  either  a  3&K 
function  generator  which  sends  continuous  sinewaves,  a 
simple  arbirrarv  waveform  transmitted  by  an  RC 
Electronics  Waveform  Generator  or  a  more  complicated 
high-frequency  wave*orm  sene  via  a  12-channel  Data 
Translation  DT-23l-»  digical-co-analog  converter.  The 
acoustic  fieid  generated  by  che  azimuchally  positioned 
speakers  was  uniform  across  che  nozzle  exit  to  within 
5%  of  the  RMS  pressure  levels  measurcri  by  a  microphone 
at  the  exit. 

The  flow  field  of  die  elliptic  jet  is  highly  three- 
dimensional  and  is  mapped  out  by  investigating  one 
quadrant  of  downstream  cross-sections  after  performing 
symmetry  checks.  Sampling  along  the  major  and  minor 
axes  provides  mean  3nd  fluctuating  profiles  of  velocity 
or  temperature  with  hoc-wire  and  cold-wire  anemometers, 
respectively.  The  velocity  profiles  indicate  jet  halfwidth 
spreading  races  and  axis  switching  locations.  The 
entrainment  is  measured  by  sampling  velocity  and 
cemperacurc  across  25  by  25  grid  points  separated  by  Ax 
and  Ay  within  a  cross-section.  The  cocal  imounc  of 
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massflow  is  the  summation  of  che  product  or  density, 
velocity  and  incrcmcnr.il  area.  AxAv.  The  results  arc 
verified  by  insuring  die  cocal  momentum  flux,  2,  p.(y,z) 
Lffy.z)  Avriz,  is  constancac  the  respective  cross-sections. 
Two  flow  parameters,  che  Reynolds  numbers,  Re^  - 
5x10*  and  che  Ricnardson  number  ac  maximum  exit 
temperature.  Ri  -  g  Ds  (1-0/  (T  U")  -  10";  where  the 
density  ratio,  F  -  p/p _  and  D.,  denotes  che  hydraulic 
diameter  4A/P  =  {xab)/(2.T((a'-b')/2]l/2}, clearly  demon¬ 
strate  the  dominance  of  inertial  forces  over  both  viscous 
and  buoyancy  forces  in  che  experiment. 

For  small  scale  investigations,  curbulenc  velocity 
signals  comining  che  signatures  of  che  large  and  small 
scales  in  che  shear  layer  as  well  as  che  irrotacional 
fluctuations  induced  into  che  quiescent  fluid  by  che 
passage  of  che  large  scales  are  sampled  by  two  Dancec 
55P71  hoc-wire  probes  connected  to  a  conscanc- 
cemperacure  circuic  witn  a  flat  frequency  response  co  30 
kHz.  The  sensor  consists  of  a  0.000 1 "  diameter  placinum- 
10%  rhodium  wire  actached  to  0.7  mm  wide  probes 
mounted  on  a  microcomputer  controlled  traverse  system 
cranslacable  in  chree-dimensions.  Hence,  small  scales 
larger  than  the  probe  separation  with  frequencies  smaller 
chan  rhe  operating  range  of  che  hoc-wire  circuic  arc 
resolvable.  This  places  an  effective  upper  limit  of  55 
m/s  ac  the  exit  upon  the  operation  of  che  facility.  The 
fluctuating  data  is  digitized,  recorded  and  analyzed  by  a 
80386  PC  AT  rnicrvCOmpuccr-concroiled  analog-digital 
converter  ac  acquisition  rates  up  to  i  MHz.  The 
fasc-fourier  transform  implementing  Welch’s  4-point 
algorithm  calculates  the  one-dimensional  energy  spectra 
from  which  peak  frequencies  of  che  appropriate  fluid 
structures  may  be  inferred.  Strsamwise  velocity 
fluctuations  arc  measured  and  analyzed  by  phase¬ 
averaging  and  Peak-Vallcy-Counting  mechods.  Final 
processing  is  performed  on  a  Macintosh  II6c  workstation. 


Measurements  of  longitudinal  velocity  fluctuations 
are  undertaken  throughout  cross-sectional  cuts  orthogonal 
co  the  mean  flow  at  varying  distances  downstream.  Every 
data  time  record  contained  ac  least  15,000  small  scales 
ana  2,000  large  scale  structures  to  insure  statistical 
reliability.  The  velocity  traces  concain  low-frequency 
fluctuations  caused  by  the  large-scale  structures  and 
higher  frequency  fluctuations  some  of  which  are  due  to 
che  presence  of  small  scales.  Phase-averaged  data  from 
the  second  hot-wire  provides  local  large-scale  statistics 
allowing  for  che  purposes  of  conditional  averaging  .  The 
Peak-Valley-Counting  method  developed  by  Huang16 
and  Hsiao17  and  improved  by  Zohar6  was  used  to  detect 
the  small-scale  structures.  This  algorithm  generates  a 
pulse  crain  corresponding  co  che  proper  local  extrema 
associated  with  small-scale  fluctuations  in  a  curbulenc 
velocity  signal  by  employing  l  scries  of  logical  conditions. 
The  final  locations  of  the  lccuai  small-scale  fluctuations 
arc  obtained  by  discriminating  among  che  ‘peaks’  and 


‘valleys'  of  che  time  signal  which  includes  che  removal 
of  false  fluctuations,  erroneous  consecutive  maxima  (or 
minima),  analog-diginl-convercer  noise  components  and 
random  high-frequency  noise  by  incorporating  specific 
amplitude  and  temporal  threshold  levels  chrougnouc  che 
five  scagcs  of  the  algorithm. 

III.  Experimental  Results 


Measuremer.es  have  been  carried  out  in  the  steady 
state  flow  of  a  homogeneous  2:1  aspect-ratio  elliptic  jet 
and  have  confirmed  tine  findings  of  Ho  &  Gutmark  (1987) 
verifying  the  elliptic  jet  to  have  increased  mixing  qualities 
over  an  axisymmecric  jet.  The  addition  of  heat  further 
intensifies  che  spreading  and  mixing  characteristics  of 
the  elliptic  jet.  The  experiments  were  performed  on  che 
same  facilicy  employing  elliptic  and  axisymmecric  nozzles 
of  equal  exit  areas  and  operating  ac  equal  exit  massflow 
rates  thereby  renov,ng  any  potential  bias.  The  parameter 
space  of  che  current  study  included  subsonic  velocities 
from  20  m/s  to  85  m/s  and  temperatures  ranging  from 
che  ambient  to  220°  C. 

The  velocity  profiles  emerge  at  the  exit  with  a  top-hat 
profile  and  evoive  into  bell-shaped  profiles  downstream 
lesembiing  asymmetric  and  axisymmetric  jets  in  general. 
The  spreading  of  the  flow  is  different  between  the  major 
and  minor  axes.  Ac  low  velocities  che  shear  layer  in  che 
minor  axis  region  expands  by  spreading  ouc  into  che 
ambient  region  as  evidenced  by  che  increasing  velocity 
profiies.  Velocity  contour  plots  clearly  indicate  larger 
spread  rates  in  the  minor  axis  direction  and  illustrate  a 
nearly  circular  mean  velocity  distribution  between  four 
and  eight  semi-major  axis  lengths  downstream,  (figure 
4)  The  velocicy  halfwidths  emphasize  che  linear  growth 
of  the  minor  axis  region  and  i.nuicatc  an  unchanging  sate 
of  affairs  in  che  major  axis  region.  The  first  axis  switching 
location  is  evident  in  the  neighborhood  of  x/a  -  7. 
Downstream  of  che  first  eight  semi- major  axis  lengths 
both  regions  grow  ac  a  nearly  equivalent  linear  rate.  Ac 
higher  exit  velocities  the  differences  between  die 
respective  spreading  rates  become  less  pronounced  as 
corroborated  by  the  velocicy  halfwidths  showing  rhe  minor 
axis  region  to  be  spreading  only  slightly  more  than  the 
major  axis  region.  The  location  of  che  first  axis  switching 
location  depends  upon  the  jet  exit  velocicy  (or  exit 
Reynolds  number).  Centerline  mean  velocicy  plots  show 
velocity  co  remain  constant  up  to  five  semi-major  lengths 
confirming  che  length  of  the  potential  core  co  be  in 
agreement  with  conventional  jet  properties. 

Temperacure  was  increased  inside  the  facilicy  co 
investigate  nonhomogeneous  effects  on  che  development 
of  an  elliptic  jet.  Heating  the  elliptic  jet  moderaceiy 
enhanced  che  spreading  rates  by  modifying  che  seif- 
induction  dynamics  and  die  velocity  profiies  indicated 
an  inner  growth  in  the  major  axis  region  of  the  shear 
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layer  a;.d  an  oucer  growth  in  che  minor  axis  region  similar 
co  che  homogeneous  low-speed  case.  The  corresponding 
velocity  halfwidchs  poinc  out  chac  che  locacion  of  axis 
swicching  for  a  heaced  eilipdc  je:  wich  the  exic  velocity 
kepc  constanc  is  shifted  upstream  to  x/a  -  5.7.  (figure  5) 
The  spreading  characteristics  of  higher  velocity  elliptic 
jets  indicate  che  location  of  axis  swicching  co  scale  with 
che  exic  Reynolds  number,  and  nonhomogeneous  density 
effects  suggest  an  inverse  dependency  upon  the  density 
ratio.  F.  A  good  fit  results  when  the  axis  switching  location 
is  plocted  versus  ReDft/T.  Nonhomogeneous  centerline 
mean  velocities  are  virtually  identical  co  their 
homogeneous  counterparts  and  che  length  of  che  pocendai 
core  remains  unchanged. 

Turbulence  transports  heac  similarly  as  it  transports 
momentum.  Heat  diffuses  more  rapidly  chan  momencum 
due  co  a  larger  curbule.nc  diffusivicv  of  heac  chan 
momencum.  Subsequently,  che  mean  cemperacure 
distribudons,  albeit  broader  and  flatter,  closely  resemble 
the  mean  velocicy  distributions  and,  hence,  a  universal 
behavior  of  mean  quanddes  exiscs  throughout  che  jet.  In 
che  case  of  che  eilipdc  jet,  che  mean  cemperacure  profiles 
mimic  mean  velocicy  profiles  as  chey  grow  inward  along 
che  major  axis  and  grow  outward  in  che  minor  axis  region. 
A  cemperacure  halfwidth  may  be  measured  like  its  velocity 
counterpart,  and  the  locadon  where  the  major  and  minor 
axes  regions  have  equal  halfwidths  occurs  upstream  from 
die  axis  switching  iocadon  at  x/a  -  4.  It  appears  chat  the 
spreading  race  in  the  eilipdc  jet’s  minor  axis  is  retarded 
at  higher  exic  velocities  (or  Reynolds  number)  and  on 
che  ocher  hand  is  enhanced  by  higher  exit  temperatures 
(or  lower  dcnsicy  rados).  This  pattern  is  exhibited  by 
the  mean  velocity  contours  for  a  high  velocity  (85  m/s) 
and  high  cemperacure  (185  C)  flow  field  where  similar 
growth  is  apparenc  in  the  major  and  minor  axes  regions 
as  for  the  low-speed  homogeneous  case. 

The  primary  purpose  of  investigating  the  eilipdc 
jet  is  to  measure  the  mass  entrainment  3nd,  hence,  large 
scale  mixing.  The  entrainment  ratio  is  defined  as  che 
rado  of  che  local  massfiow  at  a  cross-section  co  che 
massflow  at  the  nozzle  exic  normalized  with  respect  co 
che  exic  massflow,  Q(x)  «  (Q(x)  -  Q0)/Qr  The  local 
massflow  is  defined  as,  Q(x)  -  X;  pjfy.z)  U(y,z)  AyAz 
(kg/s],  and  the  density  and  velocicy  components  aic 
summed  over  ail  grid  locadons  across  a  jec  cross-secdon. 
Entrainment  measurements  for  varying  velociues  in  the 
homogeneous  elliptic  jet  agreed  wich  the  earlier 
spectacular  results  of  Ho  Sc  Gucmark  (1987).  The  minor 
axis  region,  defined  by  diagonal  borders  set  at  45q  wich 
respect  co  che  major  and  minor  axes,  entrains  at  least 
five  times  more  fluid  chan  che  major  axis  region,  (figure 
6)  These  massfiow  measurements  add  credence  co  the 
proposed  entrainment  mechanism  by  the  seif-induedon 
of  asymmetric  vortices. 

The  nonhomogeneous  elliptic  jet  entrained  as  much 
as  25%  more  char,  ciie  homogeneous  case.10  The 
a.xisymmetric  nozzie  also  showed  a  small  improvement 
in  che  entrainment  unde:  nonhomogeneous  conditions. 


Nevertheless,  in  the  first  two  semi-major  axis  lengths 
che  nonhomogeneous  eilipdc  je:  entrains  up  to  six  dmes 
more  dian  1  homogeneous  a.xisymmetric  je:  and  entrains 
up  to  three  and  a  haif  dmes  more  chan  a  nonhomogeneous 
axisymmecric  jet  The  near-ficld  of  the  homogeneous 
and  nonhomogeneous  small  aspect-ratio  elliptic  je:  was 
found  co  be  1  region  craracterized  by  large  scale  mixing 
more  intense  chan  in  an  axisymmecric  je:  or  cwo- 
dimensionai  jetar.u  these  findings  are  promising  in  view 
of  che  fact  the:  this  coincides  wich  che  region  where 
combusdon  processes  are  inidated. 

Constant  mean  temperature  contours  revealed  the 
existence  of  temperature  maxima  on  either  side  of  the 
centerline  along  the  major  axis  following  x/a  -  4  and 
merging  into  one  peek  beyond  x/a  -  3,  in  a  repeatable 
pattern  more  pronounced  a:  higher  temperatures.  These 
double  peaks  occur  in  the  mixing  region  following  the 
cerminadon  of  dne  potential  core  where  che  shear  layer 
has  closed  in  upon  itself  at  the  centerline.  Supporting 
evidence  co  this  phenomena  is  given  by  contours  of  RMS 
cemperacure  which  show  similarly  distributed  douoie 
peaks  of  che  thermal  turbulence  but  along  the  minor 
axis.  The  evoiudon  of  the  turbulent  cemperacure  field 
downstream  as  shown  in  RMS  temperature  contours 
portrays  higher  intensifies  in  the  minor  axis  region 
beginning  at  x/a  -  3  and  become  acute  ac  x/a  -  10. 

The  existence  of  greater  thermal  turbulence  in  che 
minor  axis  region  suggests  che  existence  of  increased 
mixing  processes  engulfing  more  ambient  fluid  into  the 
hotter  inner  fluid  along  die  minor  axis  region.  This  would 
create  cooler  regions  in  the  minor  axis  region  and  probably 
be  responsible  for  che  mean  cemperacure  distribution. 
Larger  amounts  of  mixing  are  co  be  expected  in  the 
minor  axis  region  where  greater  spreading  rates  and 
significandy  larger  races  of  entrainmenc  occur.  Centerline 
mean  temperatures  remain  conscanc  over  shorter 
downstream  lengths  at  highei  temperatures  suggesting 
higher  rates  of  mixing  in  inverse  proportion  to  che  density 
ratio.  In  che  mixing  region  downscream  of  the  end  of  che 
potential  core  the  cenceriine  mean  cempeiarurcs  arc  lower 
in  the  cllipuc  jet  than  an  ixisymmecric  jet  at  the  exit 
conditions  of  220  C  and  55  m/s  perhaps  indicating  deeper 
penetrations  of  ambient  fluid  inco  che  mixing  region  of 
che  jet. 

The  initial  momentum  thickness  varies  with  che 
inverse  square  root  of  che  exic  velocity  in  the  same 
prescribed  manner  as  axisymmecric  jets.  To  understand 
che  physical  mechanism  driving  self-induction, 
measurements  of  me  initial  momencum  thickness  were 
performed  and  confirmed  previous  findings  of  che 
existence  of  a  nonconstanc  momentum  chickness  about 
che  nozzle  perimeter.  Ac  low  exic  velociues,  U3  -  20  m/s, 
the  momencum  chickness  in  che  minor  axis  region  is  one 
third  che  chickness  measured  in  the  major  axis  region 
due  co  a  smaller  radius  curvature  in  the  upstream  minor 
axis  contour  of  the  nozzie  walls  inducing  a  larger  tnnsverse 
pressure  grsdie.n:.  At  higher  exic  veiocicier  the 
momencum  chicxr.ess  increases  considerably  in  the  minor 
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axis  region  ami  oecomes  nearly  equivalent  about  che 
nozzie  exit  ac  -  70  m is.  The  inidal  instability  of  the 
flow  is  modified  at  different  Reynolds  numbers.  It  is 
suggested  that  low  exit  velocities  and  high  exit 
temperatures  decrease  the  initial  spatial  growth  rate  in 
che  minor  axis  section  of  che  newly  formed  elliptic  vortex 
ring  8  thereby  increasing  its  inidal  deformation  and  in 
turn  vigorously  enhancing  che  self-induction  process 
downstream. 

tn.2  Small-scale  Mixing 

The  small-scaie  topology  of  che  elliptic  jet  was 
invcsQgaced  at  an  exic  veiocicy,  U0  -  45  m/s,  corresponding 
co  a  Reynolds  number  based  on  hydraulic  diameter  of 
lO5.  Two  cases  are  considered,  first  the  natural  flow  and 
second,  che  jet  excited  at  its  Preferred  Mode  by  forcing 
at  fp  -  570  Hz  with  an  amplitude  of  1 .2%  of  che  free 
scream  mean  veiocicy  ac  the  centerline  of  che  jet  exic. 
The  initial  momentum  thickness,  0,  for  the  unforced 
case  is  0.12  mm  corresponding  co  a  Reynolds  number 
based  on  initial  momentum  chickness  of  10\  and  increases 
no  0.53  mm  under  forcing. 

The  shear  layer  initially  rolls-up  into  coherent 
vortices  cwo  inscabiiicy  wavelengths,  downstream  at 
che  frequency  corresponding  to  shear  layer  Scrouhal 
number,  Sc6  *  f0  0/C.-  0.017  in  agreement  with  linear 
instability  theory.'9  The  power  spectra  obtained  from  a 
fast  fourici  transform  analysis  of  the  inidal  unforced  flow 
reveals  the  inidai  frequency  and  its  firsc  subharmonic 
indicative  of  vortex  pairing  ac  four  \  downstream,  (figures 
7a.  7b)  Preferred  mode  forcing  effectively  suppresses 
vortex  pairing  at  che  firsc  inscabiiicy  frequency  subhar¬ 
monic  and  instead  pumps  energy  from  che  mean  flow  to 
form  larger  coherent  vortices  ac  570  Hz  by  che  collective 
interaction  process.'0  (figures  7c,  7d)  Therefore,  in  che 
forced  rase  only  the  effects  of  self-induction  dictace  che 
evolution  of  the  flow  as  well  as  production  of  che  small 
scales. 

The  mean  centeriine  veiocicy  distribution  wich 
respect  to  downstream  distance  illustrates  che  dramatic 
effect  of  forcing  by  showing  a  20%  reduction  in  che  length 
of  che  potential  core,  region  and  an  overall  decrease  in  che 
mean  velocity  in  the  turbulent  region  downstream  of 
che  core  bv  as  much  as  33%.  The  rooc-mean-square 
veiocicy  daca  shows  twice  as  much  fluctuating  energy  in 
che  center  of  che  flow  in  che  transitional  region  ac  che 
end  of  tire  potential  core  between  x/a-  4  to  x/a  -  7 
which  also  coincides  wich  che  region  of  very  large 
entrainment  inco  che  mean  flow. 

SmaJl-scale  populations  in  the  screamwise  direction 
for  che  unforced  case  are  measured  by  che  Peak-Vallcy- 
Cuunting  method  and  reveal  a  similar  picture  similar  to 
che  plane  mixing  layer.  The  number  of  small  scales 
increases  sharply  from  the  firsc  vortex  merging  position 
ac  xA,-  4  co  che  second  merging  position  ac  x/a,-  8.  The 
distribution  peaks  ::  the  third  merging  position,  x/a,- 
16,  and  gradually  decreases  downstream  -cherc  is  no 


downscream  asvm.pcouc  platenu-likc  region,  (figure  3)  A 
plane  mixing  layer  characterized  by  nonzero  velocity 
screams  supplies  eonscant  energy  co  che  mean  flow  due 
co  che  constant  mear  imposed  in  che  screamwise  direction. 

A  oirbulor.c  je:  •vim  zero  co-flow  does  noc  receive  energy 
beyond  the  ex:;  nozzle  and  hence  che  kinetic  energy  of 
che  flow  field.  wnich  is  imparted  co  che  small-scale 
structures  from  tine  large-scaie  structures  via  an  energy 
cascade  fashion,  sceadiiy  decays  downscream  and  is 
dissipated  inco  heat  by  che  small  scales, 

A  still  unknown  nonlinear  secondary  inscabiiicy 
triggers  production  of  small  scales  within  the  cores  of 
che  spanwise  large  scales  and  may  be  in  part  due  to 
complex  stretching  and  airing  process  among  che  large 
scales.  The  region  of  transition  co  full  curbulence  appears 
to  follow  che  firsc  vortex  merging  and  approaching 
completeness  arte:  the  second  vortex  merging.  Evidence 
of  this  is  provided  by  the  number  of  small  scales  per 
initial  large  scale  as  calculated  by  che  Peak-Valley- 
Counting  method,  che  -5/5  slope  of  cnc  roll-off  exponent 
of  the  one-dimensional  energy  spectrum,21  and  increased 
chemical  product  concentration."  Hence  che  location 
x/a-  4  in  the  elliptic  jet  flow  was  qualified  for  detailed 
investigation  of  tine  small-scale  copology  because  ic  is  at 
the  chird  vortex  merging  location  and  is  a  region 
approaching  fully  turbulent  conditions. 

Ac  four  semimajor  axis  lengths  downstream  die  small- 
scale  population  densities  were  mapped  out  over  a  12  by 
12  grid  encompassing  a  spatial  cross-section  intersecting 
che  entire  mean  flow.  Following  symmetry  checks  only 
one  quadrant  in  the  flow  cross-section  is  measured.  The 
Peak-Vallev-Counting  method  detects  and  extracts  spa¬ 
tial,  temporal  ar.ti  vdocitv  information  associated  wich 
the  small-scale  structures  embedded  in  che  coherent  large 
scales  yielding  population  distributions,  length  scales  and 
frequencies  pertaining  to  the  small-scale  activity. 

The  mean  velocity  profile  across  the  major  and  minor 
axes,  respectively,  at  x/a-  4  show  distortions  in  the  profile 
when  die  flow  is  forced  at  che  Preferred  Mode.  These 
distortions  vary  with  the  forcing  level  and  one  observes 
in  general  an  increase  in  che  jet  width  resulting  in  greater 
spreading  of  the  clow  field,  in  die  minor  axis  in  particular. 
Density  plots  overlaid  by  constanc  population  contours 
of  che  number  of  smail  scales  per  local  large  scale  show 
greatest  concentrations  of  che  small  scales  in  the  shear 
layer  of  the  jet  for  both  cases,  (figure  9)  The  population 
distribution  in  the  unfoiced  case  appears  ‘fuller’  with 
more  curvacur-  titan  che  forced  case.  In  general  both 
contour  plots  ap;  ear  similar  in  shape  and  density  strongly 
suggesting  that  self-induction  dynamics  govern  che 
evolution  of  che  elliptic  jet  rather  chan  die  mechanism 
of  vortex  merging.  The  maximum  number  of  small  scales 
per  local  large  scaie  attains  a  value  of  8.S  in  the  forced 
case  and  is  10%  greater  chan  che  peak  of  8.1  in  che 
natural  flow.  Forcing  at  tile  frequency  predicted  by  linear 
instability  theory  9  Increases  me  coherence  of  the  large- 
scale  scrucruies  ov  pr.ase-iocking  them  inco  a  more  unique 
frequency  and  partem.  This  would  increase  che  capacity 


of  the  large  scale  structures  to  contain  more  smaller  scales 
as  described  here.  Ic  is  interesting  to  note  chac  for  ooch 
natural  and  forced  cases  che  maximum  number  of  smail 
scales  are  located  in  che  major  axis  region  of  the  shear 
lave;  rather  than  the  minor  axis.  Previous  measurements 
have  shown  chac  die  minor  axis  region  of  an  elliptic  jet 
flow  are  characterized  by  larger  spreading  rates  and 
consequently  entrain  more  fluid.  The  Biot-Savart 
induction  law  dictaccs  portions  of  che  elliptic  vordees  in 
the  minor  axis  to  be  expanding  outward  while  portions 
in  the  major  axis  are  compressed.  Vortex  compression 
may  be  the  candidate  for  smail-scale  production. 
However,  due  co  die  nature  of  che  unsteadily  deforming 
elliptic  vortices  which  comprise  che  annular  shear  layer 
other  cross-secdonal  further  measurements  ac  upstream 
3na  downscream  screamwise  locations  are  necessary 
before  che  flow  topology  can  be  fully  understood. 

The  volume  integral  of  che  population  density 
contours  of  che  coca!  number  of  small-scale  structures 
throughout  che  cross-secrion  revealed  that  die  forced  case 
produced  25%  fewer  total  small  scales  chan  che  natural 
case.  This  finding  is  significant  because  it  shows  chat 
che  self-induction  mechanism  produces  small  scales. 
Vortex  merging  dictates  che  evoludon  of  two-dimensional 
mrbulenc  free  shear  layers.  However,  now  it  appears  chac 
in  che  case  of  ineforad  three-dimensional  ellipdc,  where 
vortex  merging  is  suppressed,  the  dynamics  of  vortex 
self-induction  are  responsible  for  generating  75%  of  cne 
small-scale  population.  As  the  natural  case  did  produce 
25%  mere  small  scales  chan  die  forced  case  one  can 
surmise  chat  the  scram  rate  produced  by  vortex  merging 
is  more  effective  in  the  gencrauon  of  small  scales  than 
chac  produced  by  the  self-induction  process.  To  increase 
the  produedon  of  small  scales  in  an  ellipuc  jet  flow  would 
therefore  suggesc  forcing  ac  che  initial  instability 
frequency  and  its  related  subharmonics  rather  chan  the 
Preferred  Mode  frequency  thereby  promoting  more 
energetic  vortex  merging. 

Further  analysis  of  die  small-scale  populations  were 
performed  by  examining  slices  along  the  major  axis 
direction  ac  equivalent  minor  axis  (z/b)  stations.  At  first 
glance  it  appears  chac  che  forced  case  (f-fp)  populations 
are  similar  if  noc  greater  than  their  natural  (f-0) 
counterparts.  Careful  observation  ac  stations  within  the 
shear  layer,  z/b  -  0.76  through  z/b  -  1.4,  reveal  greater 
population  levels  near  che  core  of  che  flow  which  accounc 
for  the  25%  larger  number  of  small  scales  in  the  natural 
flow. 

Ac  every  scauon  in  the  measured  region  the  Peak- 
Valley-Councing  method  builds  up  a  statistically 
meaningful  histogram  of  the  number  of  small  scales 
corresponding  to  a  specific  frequency  associated  with 
che  fluctuations  of  che  small  scales.  The  small-scale 
frequency  hiscogram.s  illuscace  the  existence  of  a  mosc 
•probable  frequency  associated  with  rhe  small  scales  and 
chac  ic  is  constant  throughout  the  encirc  cross-secdonai 
region  of  the  flow.  In  che  current  investigation  where 
che  Re0-  10J  the  mosc  probable  frequency  of  che  small 


scales  is  1.3,900  Hz.  Previous  measurements  reveal  che 
frequency  co  increase  with  Reynolds  number.  Ac  che 
cencer  of  die  flow  there  is  litde  or  no  small-scale  activity, 
buc  at  increasing  radially  outward  locations  along  the 
major  axis  the  histogram  begins  to  cake  on  a  recognizable 
shape  with  a  discernible  constant  peax  of  che  mosc 
probable  small-sczie  frequency.  Finally  ac  cowards  che 
edge  of  che  shear  layer  the  small-scale  frequency 
histograms  diminish,  (figures  10a,  10b)  The  forced  case 
shows  similar  progression  along  che  major  axis  wich  che 
same  mosc  probable  small-scale  frequency.  A  characteris¬ 
tic  small-scale  length  can  be  estimated  3S  1 1  -  U Jft  -1.6 
mm,  where  /,  represents  che  mosc  probable  smail-scale 
frequency  and  convection  velocity  is  Uc-  U,  x  0.6.  The 
frequency  associated  with  the  small  scales  does  noc  change 
under  Preferred  Mode  forcing  due  co  che  domination  of 
viscous  forces  overcoming  the  effects  of  che  larger 
coherent  structures. 


By  passively  changing  nozzle  geometry  the  initial 
conditions  in  three-dimensional  je:  nozzles  profoundly 
alter  che  downstream  evolution  of  che  flow.  The  upscream 
curvature  of  the  exit  nozzle  as  well  as  che  exit  aspect-ratio 
together  dictate  the  initial  momentum  thickness  distri¬ 
bution.  As  a  result,  the  initial  azimuchal  distribution  of 
voracity  along  the  elliptical  nozzie’s  contour  strongly 
modifies  the  seif-inducr  >n  process.  Two  prominent 
features  associated  with  the  flow,  the  location  of  che  first 
axis  switching  and  mass  entrainment,  were  found  to  vary 
sig.oiflcandy  with  exit  velocity  and  exit  temperature.  The 
location  of  che  first  axis  switching  of  che  elliptic  vortices 
increased  downstream  in  direct  proportion  co  che  mean 
exit  velocity  and  in  inverse  proportion  to  the  mean  exit 
temperature.  Accordingly,  measurements  of  the  mass 
entrainmcnc  increased  with  higher  exit  temperatures  and 
decreased  with  higher  exit  velocities.  These  results 
reaffirm  the  existence  of  a  strong  correlation  between 
che  dynamics  of  che  elliptic  vortex  rings  and  their 
associated  axis  switchings  with  mass  encrainmenc  by  the 
large  scales  verifying  chac  the  flow  is  driven  by  self¬ 
inducting  elliptic  vortices.  Therefore,  che  mean  velocity 
and  temperature  fields  strongly  affect  che  mmol  instability 
of  che  flow  thereby  modifying  the  elliptic  jet's  develop¬ 
ment. 

The  small-scaie  topology  of  a  subsonic  2:1  aspect- 
ratio  elliptic  jet  has  been  investigated  by  the  Peak- 
Valley-Counting  method.  At  an  exit  velocity  of  45  m/s 
the  unforced  ellipuc  jet  transitions  to  full  oirbuler.ee  ac 
the  third  vortex  merging.  Downscream  of  this  location 
energy  dissipation  becomes  greater  man  che  level  of 
kinetic  energy  remaining  in  the  flow.  Small  scales  are 
distributed  mainly  within  the  shear  layer  region  and 
exhibit  a  preferer.ee  cowards  the  major  axis  region. 
Acoustic  forcing  a:  the  Preferred  Mode  cifectivoiy 
suppresses  vortex  merging  and  isoiaces  the  effects  of 
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seif-induction  and  causes  greater  spreading  of  the  mean 
flow  field.  Forcing  intensifies  the  small-scale  distribution 
in  the  major  axis  region.  Forcing  created  a  25%  decrease 
in  the  small-scale  populations  but  did  not  signifienndy 
alter  che  topology  of  the  curbulent  structures.  Therefore, 
the  mechanism  of  seif-induction  is  more  desirable  dian 
vortex  merging  in  curbulenc  jet  flows  because  it  is 
responsible  for  improved  large-scale  mixing  and  appears 
to  be  che  dominant  mechanism  in  the  produedon  of  small 
scales  in  che  ellipdc  jer.  These  resulcs  support  che 
encouraging  reports  involving  elliptic  nozzles  over  circular 
nozzles  in  chemically  reacting  experiments.  Quanrica- 
dvely,  Preferred  Mode  forcing  decreased  the  number  of 
small  scales  by  25%  thereby  reducing  the  small-scale 
mixing  process.  The  peaks  of  the  frequency  histograms 
throughout  che  enter  region  of  interesc  for  bocn  natural 
and  forced  cases  yielded  a  most  probable  small-scale 
frequency,  ft  -  13,900  Hz,  cranslaung  inco  a  characteristic 
small-scale  length,  !j  =■  1.6  mm.  Therefore  che  scale  of 
fine  turbulence  is  unchanged  by  forcing  and  it  is  corstanc 
ac  a  given  Reynolds  number  similar  to  che  Taylor  and 
Kolmogorov  microscales. 

Small  aspect-rado  elliptic  jets  appear  by  many 
accounts  to  be  very  promising  improvements  over 
axisymmetric  jer.  configuradons  because  of  their 
enhanced  large-scale  and  small-scale  mixing  characterise 
dcs.  Coherent  ellipdc  vordcal  structures  which  govern 
spreading,  entrainment  and  large  scale  mixing  in  general 
have  been  investigated  to  reveal  rhe  importance  of  the 
mechanisms  of  vortex  self-induction.  Further 
investigation  of  the  topology  of  che  small-scale  structures 
and  che  mechanism  governing  cheir  formadon  by  the 
self-interacting  large-scale  structures  will  significantly  aid 
in  the  understanding  of  controlling  and  increasing 
produedon  of  the  small  scales  and  fine-scale  mixing. 
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Fig.  1.  Entrainment  Ratios,  elliptic  and  circular  nozzles 


Fig.  2.  Elliptic  Jet  U0  =  20  m/s,  Downstream  Constant  Velocity  Contours 
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Objective 

To  investigate  subsonic  mixing  in  the  flow  issuing  from  a  heated  2:1  aspect-ratio  elliptic 
nozzle.  Turbulent  velocity  and  temperature  data  are  experimentally  measured  within  the  highly 
three-dimensional  flowfield. 

Introduction 

The  study  of  turbulent  jet  shear  flow  plays  an  important  role  in  numerous  engineering 
applications.  Free  and  confined  jets  are  common  devices  present  in  mixing  processes  and  the 
production  of  thrust.  It  is  therefore  desirous  to  control  mixing,  or  the  transfer  of  mass,  heat  and 
momentum.  A  passive  method  of  enhancing  the  rate  of  entrainment  by  as  much  as  500%  in 
subsonic  open  nozzle  flows  has  been  obtained  by  modifying  the  nozzle  geometry  to  a  2:1 
aspect-ratio  ellipse.1  This  yields  a  more  efficient  mixing  control  device  than  either  a  conventional 
two-dimensional  or  axisymmetric  nozzle.  Small  aspect-ratio  elliptic  nozzles  have  exhibited 
significantly  higher  spreading  and  entrainment  rates  thereby  providing  improved  large-scale 
mixing  properties  at  both  subsonic2  and  supersonic  conditions,3  as  well  as  in  a  high-tem¬ 
perature  ramjet.4 

Turbulent  shear  flows  are  known  to  be  composed  of  structures  of  varying  dimension  and, 
more  importantly,  are  characterized  by  phase  coherency.5  Successive  interactions  among  the 
energetic,  coherent  toroidal  and  streamwise  large-scale  structures,  respectively,  instigate  the 
production  of  smaller,  three-dimensional  scales  which  in  turn  lead  to  transition  towards  fully 
turbulent  flow.  The  importance  of  understanding  the  role  of  the  smaller  structures  in  mixing 
processes  has  direct  applications  towards  improved  combustion  and,  hence,  motivates  our 
current  research.  In  this  light,  the  three-dimensional  portraiture  is  experimentally  investigated 
in  an  attempt  to  map  out  the  complex  topology  of  the  structure  of  an  elliptic  jet. 


Visual  Insight 

Digitized  images  of  streamwise  slices  of  »he  flowfield  reveal  distorted,  elliptical  cross-sections 
of  the  large-scale  vortices.  Isocontour  plots  of  the  mean  velocity  and  temperature  fields  confirm 
the  existence  of  the  physical  phenomena  of  axis  switching  as  well  as  identifying  localized 
temperatme  peaks  thereby  providing  information  about  the  jet's  evolution  and  mixing 
characteristics. 


Experimental  Results 

Density  gradients  in  ;he  flowfield  are  visualized  by  means  of  a  focusing  schlieren  system,  recorded 
by  conventional  motion  photography,  digitized  by  a  386  PC-based  Werner  Frei  ImageLab™  frame 
grabber  and  enhanced  and  analyzed  with  NIH  Image™  and  Silicon  Beach  Digital  Darkroom®  on  a 
Macintosh®  llfx.  Visualization  of  individual  plane  sections  of  finite  depth  revealed  individual  cross-sections 
of  large-scale  vortical  structures  and  small-scale  three  dimensional  turbulence  in  the  jet.  The  images 
confirmed  the  Kelvin-Helmholtz  process  whereby  an  initially  laminar  jet  rolls  up  into  successive  ring 
vortices.  Observations  of  the  flow  revealed  cross-sections  of  the  large-scale  vortices  when  imaging 
planar  cuts  through  the  center  n(  the  jet.  The  toroidal  vortices  are  level  with  respect  to  the  horizon  in  the 
major  axis  plane,  however,  when  viewed  from  the  minor  axis  plane  they  appear  to  be  tilted  at  large 
angles  with  respect  to  each  other.  Quantitative  measurements  of  the  reparation  and  size  of  the  large-scales 
have  been  determined  and  were  found  to  be  in  good  agreement  with  theoretical  calculations. 

The  mean  velocity  and  temperature  field  was  plotted  in  one-dimension  with  Synergy  Software 
KaleidaGmph®  and  in  two-dimensions  with  SpyGlass'  Transform®,  Format®  and  Dicer®  at 
downstream  cross-sections.  Two-dimensional  raster  color  imaging  clearly  illustrates  the  marked 
differences  in  the  spreading  of  the  flow  between  the  major  and  minor  axes  regions.  At  low  exit 
velocities  the  shear  layer  in  the  minor  axis  region  expands  by  spreading  outward  into  the 
ambient  region  as  evidenced  by  the  velocity  contour  plots  indicating  greater  spread  rates  in  the 
minor  axis  direction.  Furthermore,  a  region  of  axis  switching  appears  at  low  exit  velocities, 
while  at  higher  velocities  the  phenomenon  ij  not  observed  and  the  spreading  rates  become 
less  pronounced  between  the  two  axes.6 

Adding  heat  to  the  flowfield  further  enhanced  the  already  large  spreading  rates  by  modifying 
the  seir-induction  dynamics  of  the  coherent  structures.  This  was  manifested  in  the  corresponding 
velocity  isocontour  plots  for  the  various  cases  studied,  whereupon  tne  location  of  axis  switching 
for  a  heated  elliptic  jet  with  the  exit  velocity  held  constant  shitted  upstream.  At  large  temperatures 
a  conspicuous  temperature  peak  spatially  bifurcates  and  then  unites  further  downstream 
demonstrating  the  influence  of  greater  mixing  rates  in  me  minor  axis  region. 


Conclusion 

2:1  aspect-ratio  elliptic  jets  appear  by  ma'iy  accounts  to  be  very  promising  improvements 
over  axisymmetric  jet  configurations  because  of  their  enhanced  mixing  capabilities.  Coherent 
elliptic  vortical  structures  which  govern  spreading,  entrainment  and  large-scale  mixing  have 
been  experimentally  measured,  visualized  and  analyzed  with  the  aid  of  a  Macintosh®  to 
determine  the  mechanisms  of  the  elliptic  jet's  development. 

This  work  is  supported  by  Air  Force  Office  of  Scientific  Research  grant  no.  90-0301 . 
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I.  INTRODUCTION 


"Ways  of  improving  mixing  and  increased  spreading  rate  in  subsonic 
ana  supersonic  shear  layers  under  study  include  noncircular  jets.” 

-Panton,  R.,  Long,  L.,  Aerospace  America 

“Current  means  of  reducing  supersonic  jet  noise  to  meet  FAR  36 
Stage  Three  involve  attempts  with  noncircular  jets.” 

-Morris,  P.t  Aerospace  America 


The  study  of  turbulent  shear  flow  plays  an  important  role  in  numerous  engineering  applications.  Jets  are  a  class  of 
unbounded  shear  flows  that  are  not  influenced  by  any  physical  boundary  except  for  their  orifice  geometry.  Jets  form  due  to 
flow  issuing  from  a  nozzle  and  the  resultant  velocity  difference  forms  a  shear  layer  consisting  of  coherent  structures  which 
entrain  surrounding  stationary  or  moving  fluid.  The  dynamics  of  these  large  scale  coherent  structures  are  chiefly  responsible 
for  jet  development.  In  general  it  is  desirous  to  control  mixing,  or  the  transfer  of  mass,  neat  and  momentum,  in  a  direction 
transverse  to  the  shear  layer.  The  earliest  and  simplest  jets  studied  have  been  axisymmecric  jets.  In  the  search  for 
controlled  mixing  of  jet  flows,  noncircular  jets,  characterized  by  three-dimensional  exit  nozzles,  have  become  recent 
candidates  of  study  and  they  have  displayed  promising  results.  Accordingly,  the  large  scale  coherent  structures  have  been 
successfully  controlled  by  modifying  initial  conditions,  both  passively  by  varying  exit  nozzle  geometry  and  actively  with 
acoustic  perturbations. 

T  urbulent  mixing  is  a  two-stage  process,  beginning  with  entrainment  of  ambient  fluid  by  large  scales  and  concluding 
with  fine-scale  mixing  carried  out  by  the  small  scales.  The  dynamics  of  coherent  large  scale  toroidal  rings  governs  large 
scale  entrainment  in  jets.  In  particular,  vortex  self-induction  is  the  principle  mechanism  driving  entrainment  in  a  2:1 
aspect-ratio  elliptic  jet.  In  combustion  processes  molecular  mixing  coincides  with  fine-scale  mixing  initiating  exothermic 
chemical  reactions.  The  investigation  of  small  scale  processes  is  crucial  towards  controlling  fine-scale,  or  molecular,  mixing 
and  obtaining  a  complete  understanding  of  mixing. 

The  goals  of  this  study  are  to  simultaneously  measure  both  large  and  small  scales  in  an  incompressible  subsonic  jet 
possessing  an  elliptically  shaped  exit  nozzle  of  2:1  aspect-ratio.  The  effects  of  both  entrainment  mechanisms  upon  the 
development  of  small  scales  will  be  investigated.  By  uniformly  forcing  the  jet  with  external  acoustic  excitation  at  the 
Preferred  Mode,  vortex  pairing  will  be  retarded  thereby  isolating  the  effects  of  vortex  self-induction  upon  the  shear  layer. 
Subsequendy,  the  contribution  by  self-inducting  vortices  to  small  scale  production  will  be  direedy  measured.  Phase-averaging 
techniques  will  demarcate  large  scale  vortices.  The  Peak-Valley  Counting  method  combined  with  phase-averaging  schemes 
will  be  employed  to  extract  length  and  velocity  gradient  information  of  the  small  scales  as  well  as  their  population.  The 
Fast  Fourier  Transform  algorithm  will  yield  spectral  data  and  die  Two-Dimensional  Wavelet  Transform  algorithm  will  be 
employed  to  simultaneously  display  both  phase  and  amplitude  information  of  structures  within  the  flow. 


APPLICATIONS 

Free  and  confined  jets  are  common  devices  present  in  mixing  processes  and  the  production  of  thrust  and  they  have 
been  studied  theoretically,  numerically  and  experimentally.  There  are  numerous  and  immediate  benefits  of  noncircular  jet 
research.  Operation  of  hypersonic  aerospace  vehicles,  the  United  States  National  Aerospace  Plane  and  vehicles  similar  to  it, 
will  require  supersonic  mixing  inside,  their  ‘scramjet’  combustors.  Other  benefits  include,  improved  combustion  efficiency 
(Schadow,  Wilson,  Lee  &  Gutmark  1984),  fuel  injectors  inside  supersonic  combustors  or  for  the  alleviation  of  combustion 
instability;  subsonic  and  supersonic  exhaust  noise  reduction;  vectored  thrust  for  increased  aircraft  agility  (Watts  1989); 
thrust  augmentation  ejectors  for  Vertical/S/ion  Takeoff  or  Landing  aircraft;  the  reduction  of  aircraft  infrared  signature  by 
decreased  engine  exhaust  temperature  contributing  towards  stealth,  (Hiley,  Wallace  &  Booz  1976);  laser  ejector  pumps;  and 
improved  steam  ejectors  in  heat-actuated  heat  pumps  (Jou,  Knokc  &  Ho  1988). 


.IJJErg-e  Shear  Lavers 


1. 1. 1  Foundations 

The  simplest  free  shear  layer  is  the  plane  mixing  layer  consisting  of  two  nearly  parallel  mixing  streams  of  fluid.  The 
flow  forms  at  the  confluence  of  two  fluid  streams  far  removed  from  the  presence  of  solid  boundaries.  Solid  boundaries, 
namely  the  trailing  edge  of  an  airfoil  oi  jet  exit  nozzle,  define  the  initial  conditions.  The  velocity  difference  between  the 
upper  and  lower  streams  forms  a  hyperbolic  tangent-like  velocity  profile  which  helps  create  the  shear  layer.  The  profiles 
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are  characterized  by  an  inflection  point  and  sizable  velocity  gradients  whose  significance  to  stability  and  turbulent  energy 
transfer  will  be  noted.  Refer  to  figure  1. 

The  velocity  ratio,  R,  represents  the  relacive  velocity  difference  between  the  two  respective  streams.  Refer  to  Equation 
(1).  Fractional  values  less  than  unity  characterize  mixing  layers,  jets  possess  values  of  R 

U2~U]  AU 


equal  to  one  and  velocity  ratios  greater  than  one  signify  the  presence  of  reverse  flows  or 
suction.  Heuristically,  the  shear  layer  spread  rate,  d9/dx  is  proportional  to  R  so  that  the 
velocity  ratio  can  be  viewed  as  a  stretching  parameter. 

The  thickness  of  the  shear  layet  at  any  downstream  location  may  be  represented  by  the  momentum  thickness,  9.  Refer 
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to  Equation  (2).  This  thickness  decreases  at  higher  velocities  as  9  -  U  .The  initial  momentum  thickness  will  be  shown  to 
be  cridcal  towards  non-dimensionalizing  frequencies  in  stability  analyses,  and  overall  shear  layer  development. 

Close  to  the  trailing  edge  a  more  convenient  length  scale  parameter  is  the  vorucity  thickness,  8.  Refer  to  Equation  (3). 
This  scale  is  approximately  four  dmes  the  momentum  thickness  for  a  hyperbolic  tangent  profile,  which  is  a  good  representation 
of  the  mean  velocity  profile  in  a  plane  mixing  layer.  Both  length  scales 
illustrate  free  shear  layer  growth  and  provide  proper  scaling  distances  for 
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the  separadon  between  vorucal  structures. 

One  of  the  most  important  parameters  is  the  Reynolds  Number,  Re  - 
U9/v.  It  is  a  nondimensional  value  defining  the  rauo  of  inerdal  to  viscous  j  _ 

forces.  Regions  of  self-preservation, 

unstable  flows  and  tr2nsidon  to  turbulence  are  marked  by  large  Reynolds  numbers.  In 
addidon,  at  sufficier.dy  high  Reynolds  numbers  the  flow  diverges  very  slowly  and  is 
primarily  unidirectional  or  nearly  parallel  allowing  simpler  analysis.  The  Reynolds  number 
classifies  the  ‘degree’  of  turbulence  such  that  as  its  value  increases  the  resulting  flow 
becomes  more  unstable.  Large  Reynolds  number  flow  is  characterized  by  a  wide  separadon 
of  eddy  length  scales  wherein  turbulent  kinedc  energy  cascades  from  larger  to  increasingly  smaller  eddies  creating  a 
Universal  equilibrium  range  (Rcxw»l)  and  at  higher  values  (Re)3,S>l)  the  existence  of  an  Inemal  subrange  gready  simplifies 
calculadons  by  allowing  isotropic  conditions,  where  -1 /P(0)  is  the  Taylor  microscale  (Batchelor  1953). 

Initially,  mean  values  followed  by  turbulent  fluctuadons  and  eventually  higher-order  stadstical  quantities  (Reynolds 
stresses,  skewness,  flatness,  etc.)  evolve  spatially  and  approach  a  sense  of  uniformity  whereupon  each  respective  profile 
attains  geometric  similarity  at  rcsoectively  increasing  locations  downstream.  This  is  the  property  of  self-preservadon  and 
incorporates  all  flow  parameters,  velocity,  temperature,  stresses,  correlations,  etc.  Ultimately,  tuibulenr.  free  shear  layers  are 
dissipated  by  very  small  scales  converting  kinedc  energy  in  the  turbulent  flow  into  mechanical  heat  through  die  action  of 
molecular  viscosity. 

In  the  nineteenth  century,  classical  phenomenological  theories  came  into  acceptance  coupling  the  assumptions  of 
self-preservation  with  eddy  viscosity  models  based  upon  Maxwellian  statistical  mechanics  into  the  simplified  Navicr-Stokes 
Equations  (Boussinesq  1877).  These  Boundary-uiyer  Equations  yielded  very  good  approximations  of  mean  values.  Early 
limited  attempts  included  the  Mi  "ing  Length  Theory  by  Prandtl  (1925)  and  tire  Modified  Vorticity-Transport  Theory  by 
Taylor  (1932)  as  reviewed  in  Tcnnekcs  &  Lumiey  (1972).  Turbulence  was  first  considered  a  completely  random  process 
requiring  statistical  description  (Monin  6s  Yaglom  1971,  1975).  Early  modern  experimental  investigations  of  free  shear  flows 
were  performed  by  Lieprnann  6c  Laufcr  (1947).  Subsequent  measurements  of  turbulent  free  shear  flows  included  rhe  plane 
jet  (Bradshaw  1965),  die  axisyrnmeuic  jet  (w’ygnanski  &  Fiedier  1969),  and  the  plane  mixing  layer  (Wygnanski  6c  Fiedler 
1970). 

Brown  6c  Roshko  (1974)  confirmed  the  mixing  layer  to  consist  of  large  scale  coherent  structures.  Concurrently,  Winant 
&  Browand  <.1974)  showed  the  growth  of  a  plane  mixing  layer  to  be  due  to  the  m  rging  of  large  scale  structures.  Refer  to 
figure  2.  Direct  numerical  analyses  of  temporally  growing  mixing  layers  and  their  subsequent  vortex  interactions  agree 
with  experiments  (Corcos  6c  Sherman  1976;  Riley  6c  Metcalfe  1980).  Hn  6c  Huerre  (1984)  extensively  reviewed  the  free 
shear  layer. 


1.1.2  Stability 

Although  linear  in  its  early  stages,  the  evolution  of  the  mixing  layer  is  predominantly  nonlinear.  Inviscid  instability 
waves  form  due  to  die  Kelvin-Helmhoitz  instability  mechanism  where  small  naturally  occurring  perturbations  spontaneously 
arise  just  downstream  of  the  trailing  edge  at  the  inflection  point  of  the  velocity  profile  (Drazin  6c  Reid  1981).  Free  shear 
layers  are  inviscidly  unstable  flows  shown  by  Rayleigh’s  Criteria-  the  existence  of  an  inflection  point  in  the  velocity  profile 
(Rayleigh  1880).  Classical  hydrodynamic  stability  theory  has  been  reviewed  by  Lin  (1955).  Tin  s,  for  high  Reynolds 
numbers  free  shear  layer  instability  is  due  to  inviscid  induction  effects  and  is  stabilized  by  viscosity.  The  initial  development 
of  parallel  shear  flows  has  been  studied  by  Bctchov  6c  Criminate  (1967). 

Nonlinear  instabilities  exponentially  amplify  the  two-dimensional  vorticity-containing  structures  which  arc  composed 
of  multiple-frequency  instability  waves.  Any  spatially  coherent  perturbation  whose  frequency  is  proximate  to  the  most 
amplified  frequency  will  form  a  dominant  instability  wave  and  its  amplification  rate  will  scale  with  initial  conditions-  die 
initial  momentum  thickness  and  convection  velocity.  Two  instability  wavelengths  downstream  of  the  trailing  edge  roll  up 
into  peiiodic  spanwisc  vortices  upon  reaching  a  specific  energy  level.  Refer  to  figures  3  and  4,  The  energy  content  of 
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the  growing  instability  wave  at  a  particular  frequency  is  defined  as  the  integral  of  the  eigenfunctions  across  the  mixing 
layer.  Refer  to  Equation  (4).  The  natural  or  most  amplified  frequency  of  the  ensuing  sinusoidal  waves  scales  with  a 
constant  dimensionless  frequency —  the  Strouhal  number  based  on  initial  momenrum  thickness  and  convection  velocity,  St 
-  f  9./lJc-  0.017.  The  wavelength  of  the  structures  is  Xn-  U  Jfn,  where  die  convection  velocity  is  defined  as  (U,+  U2)/2. 

The  unsteady  shear  layer  response  is  modelled  reasonably  well  by  inviscid  linear  stability  theory,  and  it  predicts  the 
spatial  structure  and  the  amplification  rates  of  infinitesimally  small  perturbations  superimposed  upon  a  mean  velocity 
profile.  The  most  amplified  frequency  is  selected  according  to  local  spatial  stability  analysis  of 
parallel  shear  layers  (Michalke  1965;  Monkewitz  &  Huerre  1982).  The  vortex  ^  f  (ui(f)yUo)2 

roll-up  process  has  been  numerically  simulated  using  inviscid  linear  stability  theory  E(f)  *  I  - 1 - —  dy 

in  temporal  space  (Michalke  1964).  Spatial  stability  calculations  treat  wavenumbers  r  f  2  Go 

as  complex  functions  of  real  frequencies  and  temporal  stability  results  are  calculated  with 

complex  frequencies  as  functions  of  real  wavenumbers.  Measurements  of  amplificadon  rates  and  phase  velocities  in  mixing 
layers  by  Miksad  (1972),  Fiedler,  Dziomba,  Mensing  Sc  Rdsgen,  (1981)  and  Ho  Sc  Huang  (1982)  agree  extremely  well  with 
theory.  Refer  to  figure  5. 

The  sparial  growth  rate  varies  with  Strouhal  number  and  reveals  a  symmetric  distribution  increasing  to  a  maximum  at 
St0  -  0.017  corresponding  to  the  most  amplified  frequency  or  natural  frequency  of  the  initial  wave  and  decreasing  to  zero  at 
the  neutral  point.  The  phase  velocity  also  varies  with  Strouhal  number  signifying  dispersive  wave  action  and  after  St0  ' 
0.017  matches  the  convection  velocity  and  the  waves  become  non-dispersive.  It  is  noteworthy  that  two  amplified  waves 
exchange  energy  more  cfficicndy  in  non-dispersive  regimes  due  to  the  fact  that  specific  frequencies  are  more  likely  to 
overlap  and  match.  Therefore  a  specific  band  of  Reynolds  number-dependent  unstable  frequencies  with  variable  amplification 
exists  at  which  a  perturbed  shear  layer  may  grow  spatially. 

A  rapidly  growing  subharmonic  wave  is  generated  at  die  neutral  point  where  die  fundamental  wave  has  saturated,  and 
its  frequency  is  a  subharmonic,  fn/2,  of  the  natural  frequency  of  the  free  shear  layer  (Sato  1959;  Willc  1963;  Browand  1966; 
Freymuth  1966;  Miksad  1972;  Ho  Sc  Huang  1982).  Refer  to  figure  6.  The  fact  that  the  stability  curve  for  spatial  growth 
rates  in  mixing  layers  is  symmetric  explains  the  tremendous  amplification  of  the  subharmonic  frequency  at  die  location  of 
the  neutral  point.  The  occurrence  of  the  subharmonic  wave  in  the  non-dispersive  region  is  associated  with  the  first  location 
of  vortex  merging  at  four  initial  instability  wavelengths  downstream  (Huang  &  Ho  1982). 

Vortex  merging  is  the  process  in  which  the  induced  motion  of  typically  two  and  infrequently  more  neighboring 
spanwise  vortices  causes  them  to  revolve  about  a  common  centcr-of-mass  and  amalgamate  into  a  large  vortex  via  the 
Biot-Savart  Law  (Winant  &  Browand  1974).  It  is  a  nonlinear  process  because  energy  is  exchanged  between  waves  of 
different  frequencies.  For  pairing  to  occur,  phase  speeds  and  subharmonic  disturbances  must  match  between  respective 
merging  vortices  (Petersen  1978;  Cohen  &  Wygnanski  1987).  Large  scale  structures  have  been  numerically  studied  confirming 
the  process  of  vortex  merging  (Saffman  8c  Baker  1979). 

Kelly  (1967)  and  Monkewitz  (1988)  proposed  a  svbharmonic-resonance model  in  which  the  subharmonic  mode  interacts 
in  a  weakly  nonlinear  fashion  with  the  fundamental  and  receives  energy  in  the  process.  It  is  die  most  unstable  mode 
responsible  for  vortex  pairing.  Another  provision  describes  the  creation  of  a  secondary  instability  that  feeds  back  strengthening 
and  amplifying  the  subharmonic  wave.  A  locally  new  subharmonic  is  selected  and  amplified  by  a  resonance  mechanism 
becoming  the  locally  most  amplified  wave,  and  the  merging  process  is  repeated  downstream  repeatedly  at  8Xn,  l6Xn,  ..., 
albeit  with  some  uncertainty  due  to  phase  jitter,  until  the  respective  vortices  lose  their  coherence  and  breakdown.  The 
voiticcs  arc  quaSi-Siatioimry  and  uieir  randomness  is  attributed  to  phase  jitter  due  to  background  perturbations  and  varying 
convection  velocity  (Blackweldcr  1987). 

Gaster,  Kit  &  Wygnanski  (1985)  corrected  the  linear  stability  theory  allowing  for  a  more  icalistic  slowly-diverging 
shear  flow.  It  is  important  to  note  that  linear  stability  theory  only  explains  local  effects  and  amplification  rates  can  be  over 
predicted,  Wygnanski  &  Petersen  (1987).  Since  a  real  shear  layer  develops  nonlinearly  more  accurate  global  results  are 
predicted  by  the  nonlinear  instability  theory  which  retains  higher  order  terms  (Stuart  1971;  Wygnanski,  Marasli  &  Champagne 
1987). 

1.1.3  Global  Feedback 

It  is  natural  to  expect  a  free  shear  layer  to  develop  causally  in  the  downstream  direction.  Dimotakis  &  Brown  (1976) 
hist  suggested  chat  large  scales  exert  upstream  influences  upon  their  induced  velocities.  A  global  feedback  mechanism 
hypodicsiz.es  that  large  scale  vortices  in  a  shear  layer  impose  upstream  influences  by  uniformly  radiating  very  weak  acoustic 
waves  from  merging  locations.  The  upstream-travelling  acoustic  waves  interact  with  the  fundamental  frequency  and  excite 
the  unstable  thin  shear  layer  at  the  trailing  edge  in  a  resonant  interaction  (Laufcr  &  Monkewitz  1980).  This  feedback  loop 
explains  the  doubling  in  strength  of  vortex  circulation  at  successive  mergings.  The  associated  feedback  equation  is  defined 
by  the  distance  to  the  j’th  merging  location,  x;,  wheie,  X.  is  the  subharmonic  wavelength,  \  is  the  acoustic  wavelength  and 
N  is  an  integer  number  of  wa"es  describing  ‘j’  merging  locations.  Refer  to  Equation  (5).  The  equation  predicts  vortex 
merging  locations  and  the  spreading  rate  in  a  subsonic  jet  (Ho  &  Nosseir  1981,  1982). 

1.1.4  Global  Stabili.j' 

T  he  evolution  of  coherent  structures  has  been  described  by  propagating  instability  waves  composed  of  various 
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frequencies.  Linear  hydrodynamic  instability  theory  can  be  approached  from  a  temporal  or  spatial  point-of-view.  Free  shear 
iayer  experiments  tend  to  agree  with  spatial  calculations,  however,  shear  layers  forced  periodically  in  time  do  not.  Thus, 

neither  approach  is  exact  because  global  instabilities  may  amplify  admitting  bodi  complex 
frequencies  and  complex  wavenumbers.  A  combined  and  global  spatio-temporal  instability 
theory  analyzes  the  dispersion  relation  of  a  given  flow  to  determine  if  the  system  is  convcctively 
or  absolutely  unstable,  and  hence  if  it  may  be  temporally  or  spatially  calculated  (Huerre 

Very  small  amplitude  disturbances  for  a  parallel  flow  are  assumed  as  in  Michalke’s  linear  hydrodynamic  theory.  A 
response  in  the  form  of  a  wave  packet  is  obtained  for  a  given  initial  disturbance.  In  convective  instability  all  local  and 
global  modes  are  temporally  damped  such  that  the  disturbed  wave  packets  decay  downstream  with  positive  group  velocity 
thereby  stabilizing  the  flow  although  pressure  waves  may  introduce  upstream  feedback  effects  (Chomaz,  Huerre  &  Redekopp 
1981).  The  flow  is  considered  to  be  a  spatial  ‘amplifier’  of  external  disturbances.  In  absolute  instability,  local  regions 
become  self-excited  with  temporally  growing  oscillations  but  remain  stationary  in  space  such  that  disturbances  spread  both 
upstream  and  downstream  contaminating  and  saturating  the  flow.  Refer  to  figure  7.  Conventional  descriptions  of  absolutely 
unstable  flow  can  not  be  employed,  i.e.  predicted  merging  locations.  Instabilities  can  change  locally,  that  is,  at  a  particular 
velocity  profile,  from  convectiveiy  to  absolutely  and  back  to  convectively  unstable.  Therefore,  local  absolute  instability 
does  not  necessarily  imply  global  absolute  instability.  This  topic  will  become  important  in  the  discussions  regarding 
acoustically  excited  and  nonhomogeneous  jet  flows. 

1.1.5  Coherent  Structures 

In  the  fifteenth  century  Da  Vinci  recorded  die  earliest  illustrations  of  vordees-  the  principle  elements  of  turbulent 
shear  layers.  It  is  now  accepted  that  large  scale  vortical  structures  contain  most  of  the  flow’s  energy-  the  ‘energy-containing 
eddies’  (Batchelor  1953).  The  Kelvin-Helmholtz  mechanism  distributes  most  of  the  initial  vorticity  downstream  of  the 
trailing  edge  into  periodic  waves  which  evolve  into  coherent  structu>es.  Coherent  structures  are  recognizable  vortices  of 
fluid  characterized  by  commonly  aligned  phase  relationships  that  dynamically  develop  in  space  and  time.  Coherenc  large 
scale  structures  may  be  thought  of  as  an  evolving  voracity  field  in  space  (Ho  &  Huerre  1984).  They  are  the  de facto  building 
blocks  constituting  turbulent  free  shea;  layct  flow  by  being  responsible  for  the  transport  of  momentum,  mass  and  heat.  The 
recognition  of  quasi-determinisdc  structures  dominating  the  free  shear  layer  by  Brown  &  Roshko  (1974)  and  Winant  & 
Browand  (1974)  heralded  one  of  the  biggest  advances  in  the  study  of  turbulent  shear  flows. 

lnviscid,  coherent  spanwisc  structures  of  the  order  of  the  width  of  the  ensuing  flowfield  emerge  and  receive  energy 
from  the  mean  flow  via  the  Reynolds  shear  stresses.  The  downstream  merging  and  subsequent  growth  of  the  large  scale 
spanwise  structures  is  responsible  for  large  scale  mixing  and  the  overall  development  of  the  mixing  layer.  With  every 
successive  merging  event,  large  scale  passage  frequencies  decrease  by  one-half  (Huang  &  Ho  1990),  their  strength  and 
wavelength  double,  and  the  separation  between  large  scales  increases  by  a  factor  of  two  (Brown  &  Roshko  1974).  The 
momentum  thickness  grows  linearly  and  is  proposed  to  double  instantaneously  at  each  pairing  location  in  the  subharmonic 
evolution  model  (Ho  1981).  Refer  to  figure  8.  Merging  spanwise  large  scale  vortices  engulf  large  portions  of  ambient 
irrotar.ional  fluid  into  the  shear  layer  producing  entrainment,  spreading  and  overall  mixing.  The  processes  of  entrainment 
and  fine-scale  mixing  appear  to  be  separate  at  high  Reynolds  number  (Dimotakis  &  Brown  1976). 

Browand  &  Weidman  (1976)  found  merging  processes  created  Reynolds  stress  which  in  turn  is  responsible  for  turbulent 
energy  production  (-uiu^Lf/dx^  from  the  dynamic  equation  for  — ujui).  Wygnanski  &  Oster  (1982)  measured  changes  in  the 
sign  of  the  Reynolds  stress  at  merging  locations  verifying  transfer  of  energy  from  fluctuating  velocities  to  the  mean  flow  by 
the  stresses.  This  process  is  termed  vortex  nutation  and  it  permits  energy  transfer  to  large  scale  coherent  structures  (Browand 
&  Ho  1983). 

Secondary  instabilities  initiate  creation  of  another  rype  of  large  scale  coherent  structures  designated  as  sticamwise 
vortices  (Brcidenthal  1978;  Bernal  1981).  They  form  in  the  streamwisc  ‘braid’  regions  between  adjacent  large  scale  spanwise 
vortices  which  are  characterized  by  large  rates  of  strain.  The.  existence  of  streamwise  structures  was  theorized  by  Benncy  & 
Lin  (1960)  and  Corcos  (1979),  measured  by  Konrad  (1976)  and  Miksad  (1972)  and  reviewed  by  Roshko  (1981).  Refer  to 
figure  9.  Threading  inwards  as  well  as  overlaying  spanwisc  vortex  cores,  streamwise  vortices  arc  convected  downstream 
by  the  spanwise  vortices  (Jimenez,  Cogollos  &  Bctnal  1985).  They  anneal  in  a  process  similar  to  vortex  merging  in  which 
adjacent  vortices  merge  thereby  decreasing  the  number  of  streamwise  vortices.  Counter-rotating  streamwise  vortices 
enhance  mixing  by  increasing  the  ‘mixedness’  of  the  fluid  entrained  by  spanwise  structures  and  inducing  ambient  velocity 
to  traverse  through  the  shear  layer.  They  further  increase  the  intcrfacial  area  of  die  mixing  layer  (Bernal  1981 ).  Nevertheless, 
rhe  spanwisc  large  scales  are  the  major  contributors  towards  mixing  in  homogeneous  mixing  layers  (Dimotakis  &  Brown 
1976)  and  chemically  reacting  mixing  layers  (Brcidenthal  1978,  1981;  Masutani  &  Bowman  1984). 

Lashctas,  Cho  &  Maxworthy  (1986)  found  initial  three-dimensional  perturbations  affecting  streamwise  vortices.  It  was 
shown  that  mutual  influences  exist  between  streamwisc  vortices,  the  initially  two-dimensional  spanwise  vortices  and  small 
scales,  theoretically  (Picrrehurnbcrt  &  Widnall  1982),  experimentally  (Bernal  &  Roshko  1986;  Huang  &  Ho  1990),  and 
numerically  (Ho,  Zohar,  Moser,  Rogers,  Lele  8c  Buell  1989). 
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1.1.6  Small  Scales 

The  plane  mixing  layer  begins  as  a  laminar  flow,  promptly  changes  into  a  vortical  flow  digesting  irrotational  pockets  of 
ambienc  fluid  and  eventually  becomes  fully-developed  turbulent  flow.  Throughout  its  existence,  the  turbulent  shear  flow 
consists  of  multiple  scales  of  varying  dimensions  and  associated  energies.  Successive  interactions  among  spanwise  and 
streamwise  large  scale  structures,  respectively,  instigate  the  production  of  smaller,  three-dimensional  scales  which  in  turn 
lead  to  transition  to  fully  turbulent  flow. 

A  still  unknown  nonlinear  secondary  instability  triggers  production  of  small  scales  within  the  cores  of  the  spanwise 
large  scales  as  early  as  the  first  vortex  merging  (Bernal  1981;  Zohar  1990).  Hsiao  (1985),  Huang  (1985)  and  Zohar  (1990) 
found  small  scale  populations  normalized  with  respect  to  the  number  of' large  scales  to  reach  maxima  around  the  second 
vortex  merging  location.  Small  scales  appear  prior  to  the  breakdown  of  large  scale  vortices  and  their  generation  is  not  a 
result  of  phase  decorrelation  of  the  large  scales.  Although  it  has  not  been  ruled  out  that  small  scales  may  affect  the 
secondary  instabilities  leading  to  breakdown  of  the  large  scale  vortices. 

Production  of  the  small  scales  may  be  due  in  part  by  interactions  between  the  spanwise  and  streamwise  large  scales,  or 
possibly  due  to  vortex  stretching  and  tilting  of  the  large  scales  (Brachet,  Orszag,  Nickel,  Morf  &  Frisch  1983).  Liu  (1981) 
showed  when  the  large  scale  amplitudes  saturate  the  transfer  of  energy  occurs  from  large-  to  small  scales.  A  phenomenological 
model  about  small  scale  mixing  in  a  reacting  turbulent  shear  layer  was  proposed  by  Broad  well  &  Breidenthal  (1982). 

There  are  various  experimental  methods  of  identifying  ‘signposts’  marking  the  beginning  of  transition  following  the 
first  vortex  merging  and  approaching  completeness  after  the  second  vortex  merging.  These  potential  indicators  induce  in 
descending  order  of  accuracy,  the  number  of  small  scales  per  large  scale  as  estimated  by  the  Peak-Valley  Counting  method 
(Huang  1985;  Zohar  1990),  the  -5/3  slope  of  the  roll-off  exponent  of  the  one-dimensional  energy  spectrum  (Jimenez, 
Martinez-Val  &  Rebollo  1979),  large  values  of  the  Reynolds  stress  (Browand  &  Weidman  1976)  and  increased  mixing 
(Breidenthal  1981).  Refer  to  figure  10. 

The  number  of  small  scales  increase  downstream,  Ho  &  Huerre  (1984)  and  Zohar  (1990).  Small  scales  were  found  to 
diffuse  large  scale  structures  as  well  as  the  amplification  rate  of  pairing  (Pieirehumberr.  &  Widnall  (1982).  Hsiao  (198  5), 
Huang  (1985)  and  Zohar  (1990)  found  small  scale  tianslti'  n  location  begins  at  Rx/X.n  «  8,  the  second  vortex  merging 
location,  for  both  two-dimensional  plane  jet  and  mixing  lays.:,  •cspectively.  Small  scales  measured  in  two-dimensional  jet 
by  Hsiao  (1985)  were  close  to  the  Kolmogorov  Mun'.saie  (rj.<A’r),,t.  where  £  is  the  dissipation),  whereas  Zohar’s  (1990, 
measurements  showed  die  values  to  be  closer  to  the  Taylor  Microscale. 

The  initially  coherent  large  scales  undergo  increwing  levels  of  phv:e~<! ^correlation  which  may  generate  small  scales 
within  cores.  By  the  third  vortex  merging,  fully  turbulent  Sow  is  achieved  a’,  die  asymptotic  limits  of  these  processes  (Ho, 
Zohar  &  Foss  1991).  Refer  to  figure  11.  I  or  sufficiendy  high  Reynolds  number,  Re  >  3000,  the  separation  of  scales  in 
wavenurnber-space  becomes  large  enough  such  that  an  inert  id  subrange  legicvi  characterized  but£0£  necessarily  defined 
by  the  -5/3  slope  exists  in  the  downstream  region  saturated  by  ti  e  small  scales,  Although  not  sufficiently  correct,  conditions 
of  isotropy  may  then  be  invoked  to  more  easily  facilitate  estimation  of  in.-potan:  length  scales-  the  Taylor  Microscale, 
Kolmogorov  scales,  etc. 

In  summary,  free  shear  layers  in  principle  act  as  low-pass  filters  amplifying  background  perturbations  at  selectable 
frequencies  resulting  in  the  formation  of  coherent  structures.  The  initial  momentum  thickness  (ot  voracity  diickness)  and 
velocity  ratio  are  the  controlling  parameters. 


1.2  Axisvmmetric  Jets 


1.2.1  Foundations 

As  stated  previously,  jets  are  a  basic  flow  configuration  possessing  numerous  engineering  a r.ol? cations  and  form  due  to 
the  pressure  drop  through  an  exit  nozzle.  Jets  are  among  a  class  of  inviscidly  unstable  free  shear  flows  and  evolve  in  a 
fashion  similar  to  plane  mixing  layers  through  large  scale  vortex  merging  (Bouchard  &.  Reynolds  1972;  Browand  &  Laufcr 
1975).  Jets  do  not  possess  a  solid  boundary  which  may  act  as  a  vorticity  source  and  all  of  the  voracity  is  added  to  the  flow  at 
the  nozzle  exit.  A  common  length  scale  characteristic  of  jets  and  mixing  layers  is  die  initial  momentum  thickness,  or 
vorticity  thickness.  Additionally,  the  existence  of  one  extra  length  scale,  the  nozzle  diameter,  distinguishes  joes  from  plane 
mixing  layers.  As  the  jet  develops  downstream  the  dimension  characterizing  rhe  local  length  scale  or  the  shear  layer 
increases  in  size  from  being  on  the  order  of  die  initial  momentum  diickness  to  the  order  of  the  jet  diameter. 

Interior  to  the  shear  layer  and  separated  by  an  unsteady  intermittent  surface  exists  die  potential  coj  m  irrotational 
central  region  of  constant  velocity  and  temperature  of  approximately  five  exit  diameters  in  length.  Refei  to  figure  12.  In 
the  shear  layer  region  energy  is  transferred  from  the  mean  flow  to  the  fluctuating  turbulent  components  via  the  Reynolds 
shear  stresses  and  the  subsequent  pressure-velocity  gradient  correlations  transfer  energy  from  the  streainwis''.  velocity 
fluctuations  to  transverse  components.  The  shear  layer  continues  to  grow  dictating  flow  development  after  the  potential 
core  terminates  and  the  mean  quantities  achieve  self-preservation  around  eight  exit  diameters  downstream.  Refer  to  figure 
13.  Farther  downstream  die  jet  continues  to  develop  approaching  a  state  of  fully-developed  turbulent  flow.  Even  after 
seventy  diameters  turbulent  properties  are  still  not  self-presorting.  Refer  to  figure  14.  No  definite  isotropic  homogeneous 
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turbulent  regions  have,  been  measured  in  axisymmetric  jets. 

The  fact  that  mean  quantities  become  self-preserving  before  turbulent  quantities  illustrates  the  concepts  of  energy 
transfer  in  turbulent  shear  flows  and  the  production  of  turbulence.  Hence  similarity  or  equilibrium  is  reached  in  a  very 
gradual  series  of  steps.  Self-similar  velocity  profiles  may  be  conveniently  non-dimensionalized  by  the  total  strearnwise 
distance  or  by  a  local  transverse  length  scale,  the  velocity  ‘halfwidth’.  The  halfwidth  is  the  transverse  distance  from  the 
centerline  axis  to  the  location  where  the  velocity  drops  to  half  of  its  centerline  value. 

Analyses  of  jets  using  phenomenological  models  have  been  simplified  by  two  notions  at  large  Reynolds  numbers,  a 
narrow  mean  flow  pattern  suggesting  the  use  of  boundary-layer  equations  and  self-preservation.  The  first  simplification 
indicates  zero  mean  transverse  velocities,  considerably  smaller  strearnwise  gradients  (d/dx)  than  transverse  ones  (d/dr)  and 
constant  strearnwise  pressure.  The  production  of  turbulence  is  by  die  Reynolds  stresses  acting  upon  the  mean  velocity 
gradients  and  this  close  relationship  supports  similarity  in  mean  and  turbulent  quantities.  Therefore,  self-preservadon 
coupled  with  eddy  viscosity  models  close  the  equations  and  predict  gaussian-shaped  mean  flow  distributions  which  are  in 
good  agreement  with  experiment  except  near  the  edge  of  the  flow  (Townsend  1956;  Hinze  1959).  See  Schetz  (1980)  for  a 
complete  reference  list,  Early  measurements  of  turbulent  axisymmetric  jets  began  with  Corrsin  (1943)  and  Corrsin  Sc 
Uberoi  (1949,  1950).  An  extensive  invesdgadon  of  axisymmetric  jets  was  undertaken  by  Wygnanski  Sc  Fiedler  (1969). 

1.2.2  Stability 

Initial  condirions  at  die  nozzle  exit  impart  a  longdme  impression  upon  the  flow  (Townsend  1956).  Measurements  of 
the  evoludon  of  the  cireuniferenual  shear  layer  have  shown  the  lip  of  the  jet  nozzle  to  be  very  sensiuve  to  initial  condiuons 
(Bradshaw  1966;  Hussain  &  Zedan  1978).  An  initial  velocity  difference  between  the  jet  and  the  local  ambient  fluid  creates 
a  cylindrical  top-hat  velocity  profile  surrounded  by  a  thin  circular  shear  layer-  the  region  of  turbulent  shear  flow. 

Laminar  and  turbulent  free  jets  are  inviscidly  unstable  flows  by  the  presence  of  inflection  points  in  their  mean  velocity 
profiles.  The  initially  laminar  axisymmetric  shear  layer  gives  rise  to  periodic  instability  waves  by  the  Kelvin-Helmholtz 
instability  process.  Exactly  like  their  two  dimensional  counterparts,  the  axisymmetric  waves  amplify  exponentially  in  the 
unstable  shear  layer  and  roll-up  in  a  nonlinear  process  forming  three-dimensional  ring-shaped  vortices  approximately  four 
initial  instability  wavelengths  downstream.  The  resultant  periodic  vortex  rings  appear  quasi-stationary,  grow  and  become 
distorted  downstream  (Wille  1963;  Bradshaw  1966:  Becker  &  Massaro  1968).  Refer  to  figure  !5. 

According  to  inviscid  hydrodynamic  linear  instability,  the  initial  vortex  rings  are  built  upon  axisymmetric  modes  (m-0) 
which  amplify  due  to  the  linear  instability  of  the  top-hat  velocity  profiles  at  the  nozzle  exit.  By  Michalke’s  (1965)  linear 
stability  theory,  vortices  roll-up  at  a  most-amplified  frequency  downstream  of  the  nozzle  exit  scaling  with  the  initial 
momentum  thickness  and  convection  velocity,  St~0.017«  f  n9l/  Uc. 

Earliest  theoretical  studies  of  axisymmetric  jet  instability  were  conducted  by  Tyndall  (1867),  who  observed  flames  to 
‘dance’  in  response  to  chamber  music,  and  Lord  Rayleigh  (1879).  The  jet  instability  problem  is  treated  by  the  linearized 
inviscid  Euler  equations  with  small  perturbadons,  the  Rayleigh  equadon,  which  calculate  realistic  mean  velocity  profiles 
(Bctchov  Sc  Criminate  1967).  Sinuous  and  varicose  modes  have  been  likened  to  axisymmetric  and  helical  modes,  respectively 
(Sato  1960).  Spadal  perturbadons  were  chosen  rather  than  temporal  ones  owing  to  the  considerations  of  a  physical  free 
boundary  layer  (Gaster  1962).  Inviscid  flow  simplificauons  have  been  employed  by  Michalkc  8c  Schade  (1963)  and  Freymuth 
(1966).  Parallel  flow  and  finite  momentum  thickness  assumpuons  applied  towards  temporal  (Michalke  1964),  and  spadal 
(Michalke  1965),  theories,  respeedvely,  suggest  better  compari  ;on  of  spatial  instability  results  with  experimental  results 
than  widi  temporal  results. 

Michalke  (1971)  performed  linear  inviscid  instability  calculation  on  a  cylindrical  vortex  sheet  with  a  finitely  thin  shear 
layei  and  found  the  amplificauon  rate  of  the  spreading  shear  layer  to  vary  with  the  local  shear  layer  thickness,  0,  the 
reduced  frequency,  27tf0./Ut,  and  curvature,  9./D.  The  linear  hydrodynamic  analysis  of  a  jet  then  becomes  similar  to  that  of 
a  plane  mixing  layer.  However,  parallel  flow  assumptions  yielded  slightly  incorrect  results  at  high  ratios  (Michalke 

1969)  which  led  to  a  more  accurate  treatment  of  slowly  diverging  flow  (Crighton  &  Gaster  1976).  Treating  an  axisymmetric 
jet  shear  layer  like  a  plane  mixing  layer  creates  problems  because  the  thickening  shear  layer  has  a  correspondingly  larger 
perturbation  wavelength  that  is  on  the  order  of  the  jet  diameter. 

The  resultant  toroidal  vortices  are  coherent  structures  widi  a  definite  phase  and  they  mutually  interact  an  inviscid 
fashion  (Lamb  1932),  and  undergo  a  merging  process  with  neighboring  vortices  (Browand  &  Laufer  1975).  Refer  to  figure 
16.  The  first  vortex  merging  of  the  annular  vortices  occurs  at  the  saturation  of  the  subharnionic  wave  in  a  non-uhpersive 
medium  (Petersen  1978).  The  phase  velocity  of  higher  modes  is  non-dispersivc  for  all  frequencies  bringing  about  resonant 
intcacdons  further  amplifying  the  modes  thereby  facilitating  more  efficient  energy  transfer.  This  is  in  agreement  with  the 
subharmonic  resonance  mechanism  (Kelly  1967;  Monkewitz  1988).  Refer  to  figure  17. 

Jets  possess  more  complicated  modes  of  instability  than  plane  mixing  layers  and  undergo  symmetry-breaking  that  is, 
their  instabilities  switch  to  higher  modes  downstream  (Ho  Sc  Huerre  1984).  Concurrent  with  subsequent  vortex  mergings 
downstream,  die  mean  velocity  profiles  evolve  into  bell-shaped  profiles  upon  which  the  axisymmetric  modes  decay  and  are 
superceded  by  more  energetic  helical  (1ml  >  1)  modes  (Batchelor  &  Gill  1962;  Mattingly  &  Chang  1974),  Michalke  (1972) 
showed  botia  axisymmetric  arid  helical  modes  to  be  amplified  in  a  jet,  albeit  at  different  rates.  Michalke  (1971)  calculated 
that  the  axisymmetric  modes  h  ivc  higher  amplification  rates  within  die  potential  core  and  arc  therefore  more  unstable  than 
higher  ‘spinning’  or  helical  modes.  This  is  in  agreement  widi  slowly  diverging  parallel  flow  theory  results  (Plaschko  1979). 
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Beyond  four  jet  diameters  downstream,  helical  modes  dominate  axisymmetric  modes  (Petersen  &  Samet  1988).  At  higher 
Reynolds  numbers  the  helical  mode  appears  closer  to  the  nozzle  (Fuchs  &  Michel  1977;  Drubka  1981),  possibly  due  to 
stronger  global  feedback  effects  (Ho  Sc  Huerre  1984). 

Farther  downsrream  nonlinear  azimuthal  instabilities  grow  about  the  circumference  of  the  vortices  forming  lobes  and 
imparting  severe  distortion  (Browand  &  Laufer  1975).  The  structures  lose  phase  and  amplitude  coherence  and  begin  to 
break  up.  Azimuthal  vortex  instability  modes  and  their  induced  disturbances  may  contribute  to  vortex  breakdown  and 
symmetry  breaking  or  eve  i  encourage  the  overtaking  of  the  axisymmetric  modes  by  helical  modes  (Widnall,  Bliss  8c  Tsai 
1974;  Browand  Sc  Laufer  1975).  Measurements  reveal  ‘wavy’  velocity  correlations  distributed  circumferentially  about  rhe 
potential  core  (Sreenivasan  1984)  which  suggests  the  loss  of  phase  coherence  at  progressive  downstream  locations  possibly 
due  to  the  appearance  of  higher  order  instabilities-  either  azimuthal  or  helical.  Decreasing  amplification  iates  in  the 
downstream  direction  may  be  responsible  for  the  diminishing  strength  of  the  axisymmetric  waves  and  signify  the  appearance 
of  helical  modes  (Petersen  &  Samet  1988). 


1.2.3  Preferred  Mode 

Crow  &  Champagne  (1971)  experimentally  found  instability  waves  to  reach  peak  amplitudes  around  x/D  -  4  near  the 
end  of  the  potential  core  where  the  flow  was  governed  by  a  preferred  mode  or  jet-column  mode  of  constant  Strouha!  number 
based  on  nozzle  diameter,  D,  StD-f  D/Uc-  0.3.  Refer  to  figure  18.  This  is  the  mode  of  maximum  growth  and  it  differs  from 
the  shear-layer  mode  which  scales  with  the  initial  most  amplified  frequency,  Sc0— 0.0 1 7.  This  agrees  with  the  linear  stability 
results  of  Crighton  Sc  Gaster  (1976)  which  predict  a  mode  at  Strouhal  number,  f  D/Uc  -  0.4,  corresponding  to  a  maximum 
gain  in  pressure  amplitude.  The  value  of  the  preferred  mode  has  been  found  to  vary  between  0.25  and  0.6  in  experiments 
and  this  is  probably  due  to  the  existence  of  varying  passage  frequencies  of  acoustically  untreated  facilities  (Gutmark  &  Ho 
1983).  Kibens  (1981),  Drubka  (1981)  and  Ho  &  Hsiao  (1983)  determined  cite  preferred  mode  to  vary  with  Strouhal  number 
at  small  radius-co-initial  momentum  thickness  ratios  then  remain  constant  beyond  around  150  R/  9,. 

Hence,  two  modes  govern  the  local  development  of  the  structure  of  a  free  axisymmetric  jet.  Within  the  potential  core 
region  instabilities  scale  with  the  local  momentum  thickness  and  the  local  passage  frequency,  St^  -  fB/U^  in  agreement 
with  spatial  stability  theory.  After  four  jet  diameters,  the  prefeired  mode  governs  the  flow  scaling  with  the  local  momentum 
thickness  which  is  on  the  order  of  the  exit  diameter  (Petersen  Sc  Samet  1988).  This  location  appears  to  coincide  with  the 
onset  of  helical  instability  modes  (Michalke  &  Hermann  1982)  inferring  the  preferred  mode  to  be  helical  in  nature. 
Therefore  for  small  curvatures,  0/D,  the  preferred  mode  appears  to  be  the  natural  evolution  of  die  shear-layer  mode 
beyond  x/D  -  4  just  as  the  local  passage  frequency  is  a  result  of  numerous  large  scale  vortex  mergings. 

1.2.4  Global  Stability 

Global  spado-cempotal  analyses  have  been  studied  in  jets.  For  a  summary  of  global  stability  effects  in  jets  refer  to 
Table  4  in  Huerre  &  Monkewitz  (1990).  Decreased  flow  densides  bring  about  absolute  instability  and  self-excite 
nonhomogeneous  jets.  In  pardcular,  for  exit  density  ratios,  p/p_  <  0.72,  the  axisymmetric  mode  becomes  absolutely 
unstable  prior  to  the  appearance  of  the  helical  mode  (Monkewitz  &  Sohn  1986;  Yu  &  Monkewitz  1990).  Experiments  in 
heated  jets  reveal  vortex  break  down  immediately  following  the  location  of  absolute  instability  (Srecnivasan,  Raghu  &  Kyle 
1989).  Low-density  measurements  have  revealed  random  appearances  of  side-jets  emanadng  at  large  angles  to  the  main 
flow  dramatically  increasing  the  local  spreading  angle  (Guyon  1988;  Monkewitz,  Bechert,  Bariskow  &  Lehmann  1990). 

Observations  of  globally  self-excited  modes  agree  with  spatio-temporal  theory  (Monkewitz,  Bechert,  Bariskow  Sc 
Lehmann  1990).  Refer  to  figure  19.  Recent  experiments  indicate  side-jets  to  be  observed  only  in  low-densitv  axisymmetric 
jets,  (Monkewitz,  Bechert,  Bariskow  &  Lehmann  1990;  Ho  1991,  private  communication).  Increased  velocity  rados  greater 
than  one  found  in  jets  with  coaxial  reversed  How  or  suction  show  signs  of  absolute  instability  when  R  >  1.3  in  agreement 
with  spatio-temporal  predictions  (Strykowski  Sc  Niccum  1990). 

1.2.5  Coherent  Structures 

luviscid  dynamics  involving  coherent  structures  occur  in  jets  as  in  mixing  layers.  Orderly  large  scale  structures  have 
been  identified  in  axisymmetric  jets  (Crow  &  Champagne  1971).  The  important  properties  related  to  mixing  depend  upon 
the  evolution  of  the  coherent  structures.  The  merging  dynamics  of  the  large  scale  toroidal  vortices  govern  entrainment  and 
the  added  mass  widens  the  shear  layer  and  accordingly  the  shear  layer  spreads  radially  outward.  Ambient  fluid  is  entrained 
across  the  shear  layer  via  the  Biot-Savart  induction  mechanism  (Batchelor  1967)  during  large  scale  merging  and  enters  die 
potential  core.  Entrainment  is  defined  as  die  total  massflow  crossing  any  imaginary  plane  orthogonal  to  the  principle  jet 
direction.  Refer  to  equadon  (6).  By  similarity  arguments  entrainment  should  approach  constant  values  far  downstream 
because  it  is  a  mean  property  (Wygnanski  1964)  and  it  has  been  measured  to  be  nearly  constant  in  the  potendal  core  region 
(Crow  &  Champagne  1971). 

Streamwise  vortices  arc  piesent  in  axisymmetric  jets,  as  well.  Beginning  at  die  nozzle  exit,  three-dimensional  secondary 
instabilities  disturb  the  ring  vordccs  and  in  a  most  nonlinear  fashion  develop  into  coherent  streamwise  vortices.  These 
‘braid’  regions  are  characterized  by  strong  positive  strain  and  large  shear  that  may  be  stretching  and  aligning  the  vordcity 
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field  to  form  these  streamwise  structures  (Lasheras,  Cho  &  Maxworthy  1986). 

The  streamwise  vortices  connect  or  overlap  neighboring  large  scale  vortex 
cores  and  survive  successive  vortex  mergings  (Browand  1986).  They  do  not 
appear  to  have  as  strong  an  effect  upon  entrainment  as  in  plane  mixing  layers. 

The  actions  of  interacting  large  scale  vortex  rings  and  streamwise  vortices 
may  generate  small  scale  three-dimensional  fluctuations  (Ho  &  Huerre  1984). 

Small  scales  begin  to  form  following  the  initial  vortex  merging  locations  and 
their  numbers  realize  asymptotic  limits  in  the  fully-developed  region  downstream  of  the  third  vortex  merging  (Hsiao 
1985).  The  highly  three-dimensional  small  scales  ‘wrinkle’  the  interfacial  aiea  of  the  once-coheient  vortices  increasing 
their  surface  areas.  They  proceed  to  carry  out  the  final  stages  of  mixing  begun  by  the  large  scales  by  initiating  fine-scaic 
and  molecular  mixing  (Broadwell  8c  Breidenthal  1982). 


Q (x). 


p  l](r)  2  7t  r  dr 


1,3  Three-Dimensional  lets 


1.3.1  Foundations 

Three-dimensional  jets  are  disdnguished  by  noncircular  exit  nozzles  of  varying  geometry,  i.e.  elliptical,  rectangular, 
triangular,  capered  and  even  scalloped- or  crown-shaped!  By  passively  changing  nozzle  geometry  the  initial  conditions  in 
three-dimensional  jet  nozzles  profoundly  alter  the  downstream  evoludon  of  the  flow.  The  properdes  of  three-dimensional 
jets  approach  those  of  two-dimensional  plane  jets  the  limit  of  very  large  aspect-ratio.  Consequently,  the  complicated 
stability  modes  and  velocity  fields  in  three-dimensional  jets  are  found  to  be  very  different  chan  axisymmetric  jets.  It  is 
these  properdes  that  are  responsible  for  significantly  greater  mixing  processes  in  three-dimensional  jets.  Owing  to  their 
more  physically  intricate  nature,  large  aspect-ratio  and  plane  ‘2-D’  jets  were  first  studied,  and  it  is  only  rcccndy  that 
small-aspect  rado  and  more  ‘irregular’  jets  have  begun  to  be  investigated. 

1.3.2  Stability 

Asyiiuneuic  jet  nows  display  more  complicated  stability  modes  than  axisymmetric  flows.  Michalke  (1971)  has  remarked 
that  the  more  a  jet  departs  from  axial  symmetry  the  more  unstable  it  becomes.  Linear  inviscid  stability  analysis  of  an 
elliptical  vortex  sheet  indicates  similarity  between  large  aspect-rado  jets  and  two  -dimensional  jets  (Crighton  1974). 
Measurements  of  velocity  fields  and  spreading  characterisdcs  in  large  aspect-rado  and  ‘2-D’  jets  lend  support  to  tin's  view 
(Ho  8c  Gucmark  1987).  Elhpdcally  shaped,  large  scale  coherent  toroidal  vortices  are  shed  consecuuvely  from  the  exit 
nozzles  of  three-dimensional  rectangular  and  elliptic  jets  according  to  the  previously  discussed  Kelvin-Heimholtz  instability 
mechanism.  The  initial  voracity  distributions  and  any  intrinsic  “irregularities”  at  tire  position  of  the  formation  of  the  shear 
layer  help  to  determine  its  linear  growth  rate  (Wir.ant  1972;  Dimorakis  &  Brown  1976). 

Morris  &  Miller  (1984)  distinguished  an  axisymmetric  mode,  helical  modes  which  ‘flap’  about  the  major  and  minor 
axes,  respectively,  and  even  higher  order  ‘double  helix'  modes  in  elliptic  vortex  sheet  analyses.  It  is  conjectured  that 
azimuthal  modes  may  be  responsible  for  complicated  superpositions  of  higher  order,  quasi-helical  instability  modes  which 
dominate  the  initial  axisymmetric  mode  in  small  aspect-ratio  elliptic  jets  precluding  any  simple  stability  explanation. 
Elliptic  ring  vortices  may  retain  their  coherence  and  strength  farther  downstream  than  axisymmetric  rings  possibly  due  to 
the  dynamics  of  self-induction,  see  below,  resisting  the  higher  frequency  distortions  of  the  Widnall  azimuthal  instability 
(Morris  &  Miller  1984;  Koshigoe,  Ho  &  Tubis  1987;  Morris  1988). 

Linear  instability  calculations  found  heated  jets  to  be  more  unstable  than  cold  jets  iGropengr.isser  1969).  More 
recently,  analysis  shows  temperature  to  display  subsonically  destabilizing  and  conversely  supersonically  stabilizing  effects 
toward  the  development  of  elliptic  jets  (Koshigoe,  Ho  8c  Tubis  1937).  Global  spatio-temporal  investigations  of  a 
nonhomogeneous  2:1  aspect-ratio  elliptic  jet  at  density  ratios  lower  than  the  predicted  onset  of  absolute  instability  did  not 
reveal  any  noticeable  differences  in  the  flow  (Ho  -Sr  Austin  1988).  In  the  same  facility,  suction  applied  to  increase  the 
velocity  ratio  well  above  the  predicted  boundary  also  did  not  confirm  the  existence  of  absolutely  unstable  flow.  It  is 
possible  that  either  spatio-temporal  calculations  of  axisymmetric  jets  arc  not  directly  applicable  towards  small  aspect-ratio 
elliptic  jet  flow  fields  and  require  re-calculation,  or  absolute  instability  may  be  confined  to  very  localized  regions. 

1.3.3  Coherent  Structures 

Studies  of  isolated  elliptically  shaped  vortex  rings  showed  deforming  vertices  and  axis  switching  (Viets  &  Sforza  1972; 
Dhanak  &  DeBernardinis  1981).  The  coherent  elliptic  vortices  have  varying  radii  of  curvature  such  that  the  section  of  the 
ring  in  the  major  axis  plane  is  convected  faster  downstream  chan  tire  minor  axis  section  by  the  inviscid  nature  of  the 
Biot-Savart  Law  mechanism  (Batchelor  1967).  Refer  to  equation  (7).  The  faster  moving  section  of  the  major  axis  section 
conveccs  forward  as  it  bends  inward  decreasing  the  local  radius  of  curv.aurc  until  it  matches  the  radius  of  curvature  of  the 
minor  axis  section  which  is  simultaneously  moving  outwards.  This  is  the  process  o i  self-induction.  The  property  of  axis 
switching  occurs  when  the  initially  elliptic  ring  briefly  sustains  a  circular  configuration  following  a  scries  of  downstream 
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distortions.  Following  axis  switching,  the  major  axis  section  becomes  the  ‘new’  minor 
axis  section  and  reciprocally  the  minor  axis  section  becomes  the  ‘new’  major  axis 
section.  Refer  to  figure  20. 

These  dynamics  unique  to  diree-dimensional  jets  only  begin  to  uncover  the 
highly  convoluted  three-dimensional  evolution  of  the  elliptic  ring  as  ic  progresses 
downstream  in  comparison  to  the  ‘conventional’  non-sclf-inductive  behavior  of  circular  toroidal  rings.  Viets  <3c  Sforza 
(1972)  and  Dhanak  8c  DeRemardinis  (19ft)  have  ascribed  die  azimuthal  distribution  of  vorticity  along  the  elliptical  ring’s 
contour  to  be  responsible  for  self-induction  in  vorrex  rings.  Refer  to  figure  21.  The  snlf-inducdon  of  small  aspect-ratio 
elliptic  vortices  is  the  cause  of  considerably  large  entrainment,  rates  in  a  2:1  aspcct-rado  elliptic  jet  (Ho  &  Gutmark  1987). 

Sireamwise  vortices,  although  largely  undocumented,  exist  in  three-dimensional  jets  and  have  bee  visualized 
immediately  following  the  first  vortex  merging  in  nonhomogeneous  2:1  aspect-ratio  ellipuc  jet  flows  (H  ,  Huerre  & 
Redekopp  1990).  The  fact  that  the  streamwise  structures  are  observed  primarily  in  the  major  axis  plane  may  only  be  a 
consequence  of  the  optical  flow  diagnostics. 


1.3.4  Large  Aspect-Ratio 

Early  experimental  studies  by  Trentacostc  8c  Sforza  (1967)  measured  mean  properties  of  10:1  aspcct-rado  rectangular 
jets.  Triangular  and  high  aspect-ratio,  6:1  and  greater,  elliptical  and  rectangular  jets  were  invesugated  by  Sforza  &  Stasi 
(1979),  Krothapalh,  Baganoff  8c  Karamciieti  (1981)  and  Krodiapalli,  Hsia,  Baganoff  &  Karamched  (1982).  Mean  values 
approached  self-similarity  beyond  30  jet  diameters  downstream,  many  dmes  farther  downstream  than  in  an  axisymmerric 
jets  (Sfeir  1978).  The  investigators  identified  four  regions  reflecting  local  stages  of  flow  development.  The  first  is  the 
potential  core,  characterized  by  constant  mean  velocity;  second,  a  characteristic  decay  region  where  centerline  velocity 
decays  as  a  negative  power;  third,  an  axisymmetric  -type  region  where  the  centerline  velocity  decays  inversely  with 
downstream  distance,  and  last,  a  fully  axisymmettic  region. 

The  first  revelation  distinguishing  diree-dimensionai  jets  from  their  conventional  axisymmetric  counterparts  was  the 
existence  of  different  velocity  profiles  and  spread  rates  in  the  major  and  minor  axes  regions.  The  mean  velocity  profiles 
differed  between  the  major  and  minor  axes,  respectively,  indicating  different  spreading  rates  in  the  two  planes  perpendicular 
to  the  main  flow.  Initially,  the  minor  axis  plane  would  spread  more  than  the  major  axis  plane.  The  transverse  location  of 
where  the  local  velocity  equals  half  the  local  centeriine  velocity  is  termed  the  ‘velocity  halfwidth'  ana  it  characterizes  jet 
spreading.  At  a  particular  downstream  location  the  velocity  naifwidths  in  both  axes  will  be  equivalent.  This  has  been 
explained  as  the  phenomenon  of  axis  switching  and  its  location  was  found  to  be  iinearly  proportional  to  the  nozzle 
aspect-ratio. 

Entrainment  values  in  large  aspect-ratio  jets  were  found  to  he  similar  to  axisymmeuic  jets  because  axis  switching  and 
azimuthal  distortion  of  die  large-aspect  ratio  vortices  occur  further  downstream.  By  this  location  the  large  scale  structures 
have  begun  to  be  weakened  by  azimuthal  instabilities  dissipating  their  vorticity  such  that  these  ‘less-coherent'  rings  can 
not  engulf  large  amounts  of  ambient  fluid. 


1.3.5  Small  Aspect-Ratio 

Visualization  of  small  2:1  aspect-ratio  elliptic  jets  revealed  large  scale  vortex  mergings,  three-dimensionally  deforming 
elliptic  vortices,  azimuthal  distortions  and  up  to  three  axis  switching  locations  in  the  major  and  minor  axes  (Ho  &  Gutmark 
1982;  Gutmark  Sc  Ho  1986).  Pianar  visualizations  ot  vortex  ring  cross-sections  showed  inclined  vortices  witii  respect  to  the 
nozzle  exit  suggesting  a  helical  mode  nature  and  many  prominent  streamwise  vortices  (Austin  Sc  Schreck  1990).  Refer  to 
figure  22. 

Ho  8c.  Gutmark  (1987)  measured  up  to  five  times  greater  entrainment  ratios  and  demonstrated  the  small  2:1  aspect-ratio 
elliptic  jet  to  be  a  passi  /n  means  of  increasing  entrainment  Furthermore,  ten  times  as  much  entrainment  was  measured  in 
the  minor  axis  plane  rhan  in  the  major  axis  plane.  This  evidence  suggests  a  second,  and  perhaps  more  important,  entrainment 
mechanism  in  addition  to  vortex  merging-  the  self-induction  cf  the  asymmetric  vortex  rings.  Specifically,  the  increased 
azimuthal  deformations  in  the  vortical  structure  cause  the  minor  axis  section  to  move  outwards  thereby  greatly  increasing 
the  interfacial  area  permitting  the  engulfment  of  more  irrotationa!  ambient  fluid  into  the  jet.  Refer  to  figure  23.  Therefore, 
the  mechanisms  of  shear  layer  growth  are  vouex  merging  and  vortex  self-induction.  Measurements  suggest  optimum 
mixing  and  entrainment  to  exist  for  elliptic  nozzles  having  aspect-ratio  between  2T  and  3:1  (Schaiiow,  Wilson,  L.ce  Sc 
Gutmark  1984). 

There  exist  noticeable  differences  bctv'cen  some  parameters  in  the  major  and  minor  axes  regions.  The  initial  momentum 
thickness,  and  hence  the  Strouhal  number,  Sc,,,  was  found  to  be  twenty  percent  smaller  in  the  minor  axis  chan  the  major 
axis,  whereas,  the  rn or  amplified  frequency  was  constant  about  the  nozzle  exit  resulting  in  die  instantaneous  shedding  of 
single  vortices.  In  agreement,  with  the  linear  instability  analyses  by  Michalkc  G965)  and  Morris  Sc  Miller  (1984),  the 
frequency  of  the  initial  axisymmetric  waves  scale  with  exit  velocity  and  die  thinner  initial  momentum  thickness  in  the 
minor  axis  because  that  section  of  the  shear  layer  is  associated  with  steeper  velocicy  gradients  anil  hence,  maximum 
vorticity.  The  amplification  rates,  -k0,  in  bodi  major  anu  minor  axes  are  equal  although  their  peaks  do  not  ex.rcdy  co.  cidc 
with  predicted  merging  locations  (Ho  &  Huang  1982)  most  likely  due  to  increased  ph:u.e  jlucr  of  the  large  scales  brought 
on  by  severe  azimuthal  distortions. 
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Peak  turbulent  intensities  and  positive  Reynolds  shear  stress  conform  to  the  inward  motion  of  the  major  axis  section 
and  die  outward  mouon  of  the  minor  axis  section  of  the  deforming  vortex  rings.  The  minor  axis  velocity  profiles  display 
considerably  higher  spreading  than  the  major  axis  velocity  profiles.  Velocity  halfwidths  and  constant-velocity  contours 
indicate  linear  growth  in  the  minor  axis  regions  and  nearly  constant  growth  in  die  major  axis  regions.  This  evidence 
reinforces  the  existence  of  greater  entrainment  and  spreading  in  the  minor  axis  region.  Refer  tq  figure  24. 

The  consequences  of  axis  switching  arc  more  dramadc  in  small  aspect -rado  dirce-dimensional  jets.  In  large  aspect-ratio 
three-dimensional  jets  axis  switching  is  only  observed  once,  if  ever.  Axis  switching  in  low  velocity  small  aspect-rado 
three-dimensional  jets  continues  up  to  forty  diameters  downstream  and  then  die  jet  becomes  fuily  axisymmetric.  The 
number  of  such  locadons  is  dependent  upon  die  density  rado  (Austin  &  Ho  198Sa)  and  jet  exit  Reynolds  number  (Ho, 
Huerre  Sc  Redekopp  1990). 

Near-field  pressure  fluctuadons  have  been  studied  in  light  of  noise  reduedon,  and  they  are  produced  by  the  merging 
process  at  equally  in  both  axes  at  subsonic  velocides  (Gutmark  &c  Ho  1985).  It  has  been  shown  that  the  source  of  noise  in 
low  Mach  number  jets  has  its  origins  in  the  process  of  nonlinear  saturauon  of  the  instability  waves  at  the  vortex  merging 
locadons  (Laufer  Sc  Yen  1983)  and  die  maxima  of  most-amplified  instability  waves  are  associated  with  these  locations  (Ho 
Sc  Huang  1982).  However,  recent  measurements  show  noise  to  be  due  to  the  preferred  mode  in  a  high  subsonic  2:1 
aspect-ratio  elliptic  jet  (Schreck  Sc  Ho  1990).  In  contrast,  elliptic  jets  with  aspect  rados  greater  than  five  display  a 
difference  in  the  pressure  field  between  the  major  and  minor  axes  regions  (Voce  Sc  Simpson  1972;  Browand,  Chu  Sc  Laufer 
1975). 


1.3.6  Nonhomogeneous  Flows 

Turbulent  measurements  in  a  nonhomogeneous  2:1  aspect-rado  elliptic  jet  revealed  higher  mixing  and  entrainment  in 
the  minor  axis  plane,  moderately  higher  entrainment  rados  than  a  homogeneous  ellipuc  jet  and  displacement  of  the  axis 
switching  location  upstream  (Ausdn  &  Ho  1988a,  1988b;  Ho,  Ausun  &  Hertzberg  1989).  Side-jets  were  not  observed  in  the 
heated  2:1  aspect-rado  ellipuc  jet  Pressure  and  gravity  forces  act  only  through  the  centcr-of-gravity  of  fluid  particles  and 
cannot  induce  rotauon  However,  in  a  nonconstant  density  field  the  center-of-gravity  does  not  coincide  with  the  ccnter-of-mass 
which  allows  pressure  forces  to  induce  rotadon  and  generate  internal  vordcity.  The  baroclinic  torque  due  to  fluid  accelerated 
by  nonaligned  pressure  gradients  in  a  varying  density  fluid  may  figure  in  the  vordcity  dynamics  of  a  heated  flow  The 
Icliiihulu  vuniciry  equation  obtained  by  taking  the  curl  of  the  Navier  Stokes  equation  describes  the  rate  of  change  of 
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vordcity  by  stretching,  dlting,  thermal  expansion, 
viscous  diffusion  and  baroclinic  torque  terms  (Yih 
1969).  Refer  to  equation  (8).  However,  the 
baroclinic  term  has  not  been  determined  to  be  primarily 

responsible  for  increased  entrainment  in  a  heated  2:1  aspect-rado  ellipric  jet.  Rather,  the  upstream  shift  in  the  locadon  of 
axis  switching  upon  the  addidon  of  heat  seems  indicadve  that  the  inviscid  effects  of  self-inducuon  upon  the  vortex  rings 
have  been  enhanced  in  an  as  yet  unknown  mechanism  such  that  more  ambient  fluid  is  engulfed  upstream. 

Experiments  of  a  confined  subsonic  2:1  aspect-rauo  rectangular  dump  jet  reveal  the  existence  of  transverse  velocides 
and  the  suddenly  expanding  recirculadon  zone  common  in  axisymmetric  dump  combustors  to  be  completely  suppressed  in 
the  minor  axis  plane  (Ho,  Ausdn,  &  Hertzberg  1989;  Hertzberg  Sc  Ho  1991).  As  a  result  combusdon  efficiency  is  impioved. 
■Schadow  Sc  Gutmark  (1989)  extensively  reviewed  propulsion  research  on  the  improvement  of  subsonic  and  supersonic 
combustion  and  determined  the  3:1  aspect-ratio  cllipdcal  nozzle  demonstrated  higher  spreading  and  improved  combustion 
efficiencies  over  axisymmetric,  square,  rectangular  and  triangular  nozzles  at  both  subsonic  and  supersonic  conditions. 
Importantly,  large  scale  coherent  structures  coinciding  with  local  combusdon  regions  have  been  identified  in  supersonic 
dump  combustors  and  ramjets  admitdng  die  possibility  of  controlling  and  enhancing  real-world  flows.  Refer  to  figure  25. 

Spread  rates  of  compressible  subsonic  and  supersonic  shear  layers  are  considerably  less  dian  in  incompressible  subsonic 
shear  layer  (Bogdanoff  1982;  Roshko  &  Papamoschou  1986).  It  is  therefore  beneficial  to  find  higher  spreading  and  entrainment 
in  the  near  field  of  a  2:1  aspect-ratio  rectangular  jet  over  an  axisymmetric  jet  at  supersonic  conditions  (Jou,  Knoke  Sc  Ho 
1988;  Schadow  &  Gutmark  1989).  This  work  extends  the  envelope  of  increased  mixing  performance  in  small  aspeet-iatio 
nozzle  to  supersonic  condidons.  However,  for  Mach  numbers  greater  dian  2.25  all  types  of  jets  appear  to  grow  similarly. 
The  expansion  and  compression  waves  further  excite  shear  layer  inscabilides  switching  instability  modes  and  creating  more 
acoustic  signals  that  feedback  upstream.  The  geometry  of  the  supersonic  exit  nozzle  determines  the  large  and  small  mixing 
characteristics  (Gutmark,  Wilson  Sc  Schadow  1989). 

Orhcr  nonconvendonal  and  effeedve  means  of  passively  achieving  controlled  mixing  and  increasing  entrainment  rates 
has  been  to  modify  die  jet  exit  boundary  condidons  with  crown-shapcd  nozzle  extensions  (Longmire  &  Eaton  1990)  and 
adding  tapered  nozzles  of  indeterminate  origins  (Kibens  &  Wlezien  1985;  Schadow  Sc  Gutmark  1989). 


1.4  Excitation  Effects 


7  he 


turbulent  free  shear  layer  is  composed  of  quasi-determinisdc  large  scale  coherent  structures  whose  subsequent 
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mergings  arc  responsible  for  entrainment,  growth  and  small  scale  production  leading  to  transition.  These  organised  structures 
are  defined  by  unique  passage  frequencies  and  charactcrisdc  length  scales.  To  increase  mixing,  die  merging  process  must 
be  controlled  so  as  to  obtain  a  spaually  coherent  merging  pattern.  It  has  been  successfully  demonstrated  that  shear  layers 
arc  especially  sensidvc  to  low-level  disturbances  and  can  be  excited.  Exisdng  or  new  pciturbadons  can  be  further  amplified 
by  the  influence  of  external  acousuc  waves,  an  embedded  splitter  plate  or  three-dimensional  corrugations  at  the  flow 
origin. 

The  phase  speed  of  acousdc  waves  is  much  larger  than  phase  speeds  of  incompressible  subsonic  flows  thus  excited 
acousdc  waves  can  only  impart  energy  at  the  origin  by  converdng  acousdc  energy  waves  into  vordcai  instability  waves  via 
the  trailing-edge  receptivity  (Morkovin  6c  Paranjape  1971;  Crighton  1981).  As  a  consequence,  higher  Mach  number  experiments 
can  be  direedy  excited  (Tam  1978). 

It  is  known  that  the  most  amplified  wave  is  due  to  a  naturally  selected  amplitude  and  phase  reference.  Periodic  forcing 
smoothens  phase  jitter  and  increases  coherence  of  the  large  scale  structures  by  extraedng  energy  from  the  background  flow 
and  simultaneously  reducing  background  turbulence.  This  process  strengthens  the  phase  reference  of  the  large  scales 
pcrmitdng  more  convenient  spatial  idendficadon  of  die  structures.  Forcing  at  a  certain  frequency  with  large  enough 
amplitude  leads  to  a  response  by  the  shear  layer  at  that  pardcular  frequency  and  usually  induces  vortex  roll-up  at  a 
frequency  which  is  a  specific  harmonic  of  the  forcing  frequency. 

1.4.1  Mono-Frequency  Forcing 

Ardficial  forcing  was  shown  to  ‘flesh  out’  or  strengthen  vortices  (Wygnanski,  Oster,  Fiedler  &  Dziomba  1979;  Browand 
Sc.  Troutt  1980).  Acdve  acousdc  forcing  organizes  large  scales  and  has  considerable  influence  on  the  vortex  merging  process 
(Ho  6c  Huang  1982;  Oster  Sc  Wygnanski  1982;  Fiedler  &  Mensing  1985).  Forcing  at  the  fundamental  or  natural  frequency, 
fn,  (mode  I  forcing)  reinforces  individual  vordees  and  lessens  influences  from  neighboring  ones  which  delays  vortex  pairing 
at  the  first  subharmonic,  fn/2,  and  discourages  growth  of  the  shear  layer.  This  forcing  arrangement  increases  the  efficiency 
of  energy  transfer  from  the  mean  flow  to  the  large  scale  structures  (Zohar,  Foss,  Ho  6c  Buell  1990). 

In  marked  contrast,  mode  II  forcing  at  the  first  subharmcnic  bypasses  vortex  merging  and  proceeds  directly  to  the  first 
vortex  pairing.  Numerical  calculadons  re  affirm  mode  II  results  (Riley  8c  Metcalfe  1980).  In  general,  Mode  "m”  subharmonic 
forcing  at  die  m-l’st  subharmonic,  fm  -  f„/2m“',  skips  the  first  m-  1  mergings  and  introduces  a  frequency-locked  shear  layer 
that  promotes  the  amalgamation  of  up  to  “m”  vortices  into  a  large,  vuna  ai  uie  point  where  the  frequency,  fm,  peaks  in 
amplitude.  Refer  to  figure  26.  Hysteresis  is  observed  between  forcing  modes.  This  mechanism,  the  collective  interaction, 
interacts  with  as  many  as  ten  vordees  and  greatly  increases  spreading  in  the  mixing  layer  (Ho  &  Nosseir  1981)  and  enlarges 
the  momentum  thickness  (Oster  &  Wygnanski  1982). 

Subharmcnic  forcing  induces  vortex  pairing  under  non-dispersive  conditions  in  agreement  with  the  dynamics  of 
‘natural’  shear  layer  perturbadons  (Ho  &  Huerre  1984).  The  phase  speed  of  die  subharmonic  disturbances  should  match 
the  large  scales’  convecuve  speed  to  enable  most  efficient  energy  transfer  between  the  modes  (Petersen  1978;  Cohen  &c 
Wygnanski  1987). 

Forcing  an  axisymmetric  jet  establishes  the  best  response  at  St-0.3-  the  preferred  mode  (Freymuth  1966).  Crow  Sc 
Champagne  (1971)  found  similar  results  and  observed  collective  interacdon-like  events.  Forcing  at  the  pieferred  mode 
delays  subharmonic  vortex  roll-up  and  merging  by  locking  the  large  scale  structures  into  the  passage  frequency  of  large 
scales  at  the  end  of  the  potential  core  and  causing  large  vordees  to  roll-up.  The  intensity  peaks  of  the  fundamental  and 
subharmonic  waves  also  shifted  upstream  with  increasing  forcing  levels.  Lev.’- level  forcing  has  been  show  to  affect,  die 
large  scale  coherent  structures  in  an  axisymnietnc  jet  (Reynolds  &  Bouchard  19S2).  Forcing  at  the  preferred  mode  is  also 
die  most  efficient  method  of  acousuc  forcing  because  it  requires  the  least  energy  input  (Wygnanski,  Oster  6c  Fiedler  1979; 
Gutmark  6c  Ho  1983).  Increasing  the  forcing  amplitude  by  very  large  amounts  shifts  the  peak  of  the  fundamental  upstream 
(Freymuth  1966)  as  well  as  the  merging  location  (Ho  8c  Huang  1982).  Typical  excitation  forcing  levels  are  0.01%  to  0.1%  of 
the  mean  velocity.  Reynolds  6c  Bouchard  (1981)  forced  an  axisymmetric  jet  at  extremely  high  levels  of  17%  inducing 
vortex  rings  to  revolve  about  each  other  and  merge  into  a  larger  structure.  In  general,  lower  forcing  frequencies  require 
larger  amplitudes  to  affect  the  flow  and  this  is  visible  from  the  instability  curve  showing  a  linear  increase  in  growth  rate  at 
small  Strouhal  numbers.  In  an  axisymmetric  jet  (Crow  6c  Champagne  1971)  and  in  a  mixing  layer  (Zohar  1990),  it  was 
determined  that  forcing  amplitudes  saturate  beyond  a  certain  energy  input  level  and  can  not  further  affect  the  flow  as 
indicated  by  an  asymptotic  limit  in  die  number  of  small  scales  produced  in  die  forced  mixing  layer  case. 

Moderately  forced  ellipuc  vortices  behave  similarly  to  isolated  vortex  rings  (Ho  6c  Gutmark  1983a,  1983b).  Schadovv, 
Wilson,  Crump,  Foster  6c  Gutmark  (1984)  and  Gutmark,  Schadow,  Parr,  Harris  6c  Wilson  (1985)  performed  subharmonic 
and  preferred  mode  forcing  on  ramjets  with  three-dimensional  nozzles  at  operational  conditions  to  control  the  unsteady 
pressure  oscillauens  responsible  for  certain  combustion  instability  modes.  Vertex  roll— up  occurred  in  a  fashion  similar  to 
homogeneous  non-reacting  jots  and  the  growth  of  the  shear  layer  was  increased.  The  forced  coherent  vortices  dissipate 
sooner  upstream  regarding  them  unsuitable  to  interact  with  pressure  oscillations  in  the  hopes  of  leducing  combustion 
instability  (Schadow,  Gutmark,  Parr,  Wilson  6c  Crump  1987). 

1.4.2  Multi-Frequency  Forcing 

The  phase  difference,  X|/,  between  the  fundamental  wave  and  its  subharmcnic  is  crucial  to  vortex  merging  and 


subharmonic  growth  rates  decrease  by  varying  \|/  between  0  and  k  (Arbey  &  Ffowcs  Williams  1984;  Zbang,  1  lo  Sc  Monkcwitz 
1985)  and  has  been  numerically  observed  (Kelly  1967).  Furthermore,  numerical  simulations  of  forcing  ac  zero  plnse 
difference  che  structures  are  of  equal  size  and  pair  normally,  but  at  anti-phase  forcing,  y  — »  7t,  the  two  merging  vordees  are 
of  different  size  and  ‘shred’  (Riley  &  Metcalfe  1980)  although  the  latter  result  is  in  dispute  (Zhang,  Ho  Sc  Monkcwitz 
1985).  By  varying  the  phase  difference  and  amplitude  ratios  between  fundamental  and  subharmonic  frequencies  in  an 
axisymmetric  jet  yielded  varying  vortex  pairing  or  shredding  locations,  increased  momentum  thickness,  larger  Reynolds 
stresses  and  faster  shear  layer  growth  (Ng  Sc  Bradley  1988). 

Forcing  at  multiple  frequencies  increases  the  number  of  control  variables-  frequency,  amplitude  and  phase  reference 
(Wygnanski  &  Petersen  1987).  The  different  frequency  components  are  known  to  nonlinearly  interact  in  a  type  of  nonlinear 
mode  competition  which  depends  upon  the  amplitudes  and  frequencies  (Ho  &  Huerre  1984).  Miksad  (1972, 1973)  acoustically 
forced  a  mixing  layer  at  two  frequencies  and  observed  the  nonlinear  effects  upon  the  growth  and  generation  of  various 
modes.  Combinations  of  axisymmetric  and  helical  forcing  modes  create  ‘blooming’  or  ‘bifurcated’  jets  with  very  large 
spreading  angles  and  entrainment  (Lee  &  Reynolds  1985;  Parekh,  Leonard  &  Reynolds  1988). 

Harmonic  and  subharmonic  forcing  with  variable  phase  differences  allowed  for  control  of  the  nature  and  location  of 
vortex  pairing  in  crown-shaped  nozzles  (Longmire  Sc  Eaton  1990).  Energy  is  transferred  more  efficiently  from  the  mean 
flow  to  the  vortices  of  the  respectively  forced  subharmonic  modes.  Therefore,  forcing  at  subharmonics  of  the  fundamental 
supplies  the  maximum  allowable  energy  to  the  frequency-locked  structures  (Zohar,  Foss,  Ho  Sc  Buell  1990). 

Experimental  helical  forcing  of  axisymmetric  jets  at  multiple  frequencies  radically  altered  the  shape  of  the  axisymmetric 
flow  approximating  an  elliptical  jet  for  modes  +1  and  to  a  square  jet  for  modes  ±2.  The  spreading  rates  and  entrainment 
were  increased  and  were  comparable  to  an  unforced  2:1  aspect-ratio  elliptic  nozzle  although  no  axis  switching  was  reported 
(Strange  1981;  Long  &  Petersen  1989).  The  coupled  dynamics  of  subharmonic  forcing  at  multiple  higher  order  modes  ana 
shear  layer  spreading  processes  are  believed  to  lead  to  triad  resonances  or  controlled  resonant  interactions  (Long  Sc  Petersen 
1989). 


1.4.3  Control  of  Small  Scales 

By  imparting  energy  to  large  scales  through  multi-spectral  forcing,  the  resulting  energetic  structures  should  produce 
more  small  scales  during  merging  events.  Control  of  both  the  spanwise  and  strcamwisc  structures  as  weil  as  an  increase  in 
rhe  number  of  small  scales  by  p  to  50%  were  realized  by  harmonic  plus  subhannoiiic  forcing  in  a  mixing  layer  tZohar 
1990).  Forcing  the  fuel  feed  ot  a  reacting  axisymmetric  jet  at  one  magnitude  higher  than  the  preferred  mode  shifted  the 
transition  region  upstream  initiating  intense  combustion  (Gutmark,  Parr,  Hanson-Parr  &  Schadow  1989).  Refer  to  figure 
27.  Increasing  the  production  of  small  eddies  through  acoustic  forcing  will  prove  to  be  helpful  in  fine-scale  and  combustion 
processes. 

All  free  shear  layers,  whether  natural  or  forced,  may  be  considered  to  be  ‘perturbed’.  Therefore,  a  more  consolidated 
overview  of  free  shear  layers,  both  natural  and  forced,  can  be  obtained  by  plotting  the  local  Strouhal  number  of  the  forced 
frequency  versus  strcamwisc  coordinates  normalized  by  the  feedback  equation  integer  parameter,  N,  along  a  common 
curve  (Ho  &  Huerre  1984).  Refer  to  figure  28. 


U>  Small-Scale  Mixing  and  Combustion 


Heat  release  in  subsonic  and  supersonic  chemically  reacting  flows  is  believed  to  be  associated  with  vortex  dynamics. 
Large  scale  mixing  provides  the  bulk  mixing  between  the  fuel  and  oxidizer  inside  combustion  chambers  and  small  scale 
motions  dynamics  give  rise  towards  finer  mixing  and  initiate  reactions  leading  to  combustion.  When  heat  is  released  in  a 
chemically  reacting  turbulent  shear  layer  the  resulting  flow  is  characterized  by  a  nonconstani  density  field.  This  imposed 
nonhomogeneity  couples  the  effects  of  fluid  dynamics  to  chemistry.  It  is  important  to  understand  the  directly  coupled 
effects  that  turbulent  shear  flow  and  combustion  processes  have  upon  each  other. 

The  reasons  for  controlling  combustion  are  three-fold,  to  raise  the  amount  of  energy  released  and  increase  thrust,  to 
extend  flammability  limits  thereby  broadening  the  operational  range  and  to  eliminate  potentially  disastrous  combustion 
instabilities.  Unsteady  combusuon  combined  with  periodic  heat  release  amplifies  pressure  oscillations  of  high  amplitude 
and  triggers  tire  onset  of  combustion  instability  (Harrje  Sc  Reardon  1972;  Culick  1983).  Therefore,  to  control  and  improie 
combusuon  characteristics  one  needs  to  passively,  if  not  acuvely,  direct  the  developmental  processes  of  coherent  structures 
in  shear  flows. 

The  mixing  regions  of  fuel  injeemrs  inside  combustion  chambers  are  believed  to  behave  like  their  homogeneous 
non-reacting  counterparts.  Large  amounts  of  unmixed  fluid  is  entrained  into  the  sheaf  layer  by  the  induced  velocity  field  of 
the  large  scale  vortices  and  molecular  diffusional  mixing  is  accelerated  by  large  strain  fields.  Refer  to  figure  29.  Fluid  may 
also  be  entrained  by  vortex  merging  superceding  diffusional  mixing  such  that  low-speed,  ambient  fluid  is  ingevtcd  (Broadwel! 
&  Brcidcnthal  1982).  The  structure  of  chemically  reacting  mixing  layers  depends  on  asymmetric  entrainment,  mixing 
characteristics  and  finite-rate  ■  action  kinetics  (Masutani  &  Bowman  1986).  kei'er  to  figure  30. 

Heat  release  from  combusuon  decreases  vortex  merging  and  velocity  gradients  in  plane  mixing  layers  (Hermanson  Sc 
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Dimotakis  1989).  Numerical  results  by  McMurtry,  Riley  &.  Metcalfe  (1989)  identified  the  baroclinic  torque  and  thermal 
expansion  terms  from  the  Helmholtz  voracity  equation  for  nonconstant  density  to  be  responsible  for  charges  in  the 
velocity  profiles  and  reduced  vorticity  conccntrat  s  within  the  cores  of  the  vortices.  Decreased  turbulent  shear  stress  was 
ordered  as  an  explanadon  for  decreased  shear  lay,,  growth  inferring  decreased  momentum  transport  by  the  vortices  in  the 
outward  radial  direction. 


1.5.1  Coherent  Structures 

Products  of  chemical  reactions  concentrate  within  the  large  scales  and  in  pardcuiar  among  the  small  scale  regions 
(Breidenthal  1981).  Combusdon  processes  appear  to  be  phase-locked  to  large  scale  motions  which  in  turn  modulate  die 
dynamics  of  small  scale  mixing  (Gutmark,  Schadow,  Pari,  Parr  &  Wilson  1987).  This  reinforces  the  possibilides  of  directiy 
controlling  combusdon  because  the  methods  for  controlling  coherent  structuies  in  homogeneous  shear  layers  both  passively 
and  aedvely  may  be  employed  upon  combusdon  systems. 

Planar  la^er  inJuced  fluorescence  flow  visualization  of  hydroxyl  concentrauons  indicate  that  combusdon  begins  withm 
the  circumferential  of  large  scale  vottices  where  smaller  secondary  three-dimensional  eddies  are  produced  (Gutmark,  Parr, 
Parr  Sc  Schaow  1989)  As  are  flow  develops  the  regions  of  combustion  propagate  into  the  vertex  cores  and  heat  is 
periodically  rt  V  Vuit-x  merging  accelerates  combusdon  by  ccntribudng  to  the  producuon  of  small  scales. 

Combustion  is  .  measured  among  the  streamv/ise  vortices  joining  the  large  scales  together.  It  is  believed  that  the 
onset  of  small  scales  ..{moats  simultaneously  with  the  beginning  of  transidon  to  turbulence  in  homogeneous  shear  layers 
(Bieidenthal  198  i ).  The  locations  of  small  scales  appear  to  overlap  with  zones  of  ccmbusuon  in  reaedng  shear  layers  and 
increased  small  scale  pioducdon  increase  fine-mixing  which  enhances  combusdon.  The  combusdon  process  has  also  been 
demonstrated  to  occur  prior  to  the  „  zertex  merging  when  the  fuel  and  air  mixes  and  burning  is  sustained.  When  the  first 
zortex  merging  is  delayed  through  preferred  mode  forcing,  the  drivers  of  combusdon  instability,  pressure  oscillation 
amplitudes,  are  reduced.  In  addition,  flammability  margins  and  overall  combusdon  efficiency  are  increased  (Schadow, 
Gutmark,  Parr  Sc  Wilson  1989). 


1.5.2  Excitation  Effects 

Strong  forcing  has  shown  to  tear  the  ‘braid’  region  joining  adjacent  large  scale  vordees,  forming  large,  velocity  gradients, 
increasing  stretching  and  straining  and  reducing  the  number  of  flamelets  and  quenching  or  extinguishing  combustion  (Givi, 
Jou  &  Metcalfe  1980;  Gutmark,  Parr,  Parr  &  Schadow  1989).  Active  forcing  (  f  the  duct  acoustics  in  conjunction  with  the 
passive  employment  of  small  3:1  aspect-ratio  elliptic  nozzles,  sharp-cornered  triangular  nozzles,  tapered  slot  nozzles  and 
multi-step  nozzles  have  all  proven  to  enhance  various  combustion  processes,  Schadow  Sc  Gutmark  (1989). 

It  is  evident  then  diat  combusdon  is  an  extremely  complicated  process  involving  fluid  dynamics,  chemical  kinerics  and 
acoustic  interactions.  Consequently,  combustion  is  affected  by  many  variables-  velocity,  density,  pressure,  species 
concentrauons,  temperature,  and  so  on.  One  of  die  principle  drivers  of  combustion  is  the  pioducdon  of  small  scales,  and 
this  dictates  the  understanding  of  large-scale  mixing  and  its  relationship  with  fine-scale  mixing.  Therefore,  the  next  best 
thing  to  the  analysis  of  a  reaedng  shear  layer  is  performing  fundamental  reseatch  on  a  turbulent  non-reacting  free  shear 
layer  without  the  added  complicaung  effects  of  chemistry  and  confinement  It  is  in  this  light  that  the  small  scale  topology 
of  a  2:1  aspect-rauo  elliptic  nozzle  will  be  investigated 


II.  EXPERIMENTAL  FACILITY  AND  TECHNIQUES 


iLUdJ&isilis: 


i  lu:  experimental  jet  facility  is  drive.n  by  as  many  as  four  Windjammer0  centrifugal  blowers  arranged  in  parallel  and 
enclosed  within  a  chamber  which  filters  intaked  ait  from  the  surrounding  laboratory.  The  blowers  are  powered  by  single- phase 
iZUv  variacs  that  vary  nozzle  speed.  At  the  nozzle  exit,  die  maximum  velocity  is  85  m/s,  which  approaches  the  limit  of 
in-.''  i  ,  ressioil'ty.  In  a  similar  vein,  three-phase  60A  pewerstats  power  two  paral  VI  Western  Gear0  electric  heaters  and 
supply  arable  heat  to  the  flow.  The  heaters  are  located  downstream  of  the  blowers  and  ate  capable  of  raising  the  exit 
temperature  to  a  max  imum  of  220  C.  which  corresponds  to  a  density  ratio  of  0.64.  The  oudet  of  each  heater  is  monitored  by 
a  F~nwall  ,|]334  thermistor  to  indicate  potential  overheating  of  the  jet  facility.  A  very  small  temperature  rise  of  fifteen 
degrees  may  be  added  to  slightly  contaminate  the  flow  in  order  to  use.  hcaL  as  a  tracer,  or  temperature  may  be  increased  to 
isolate  temperature  influences  on  die  deformation  of  Urn  vordees. 

Downstream  ot  die  blowers  and  hearers,  the  flew  enters  an  ancchoically  treated  cylindrical  chamber  damping  ‘organ-pipe’ 
a:  mstio  modes  that  might  resonate  with  shear  layer  frequencies  and  mod’fy  the  prcferied  mode.  Perforated  steel  plates 
lined  with  temperatuie-resistan:  insuladve  mineral  wool  reduce  passage  noise  from  the  blower  blades.  Hot-wire 
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measurements  just  inside  the  nozzle  lip  did  not  sense  any  acoustic  frequencies  at  varying  jet  velocities  verifying  the 
‘cleanliness’  of  the  flow.  The  exit  flow  has  a  low  turbulence  ievcl  and  is  0.4%  of  the  mean  velocity.  Flow  visualizauon  of 
the  nozzle  exit  confirms  the  existence  of  an  initially  laminar  flow. 

The  flow  contracts  and  enters  an  aluminum  constant  diameter  circular  stagnation  chamber  where  it  is  made  more 
uniform  and  turbulence  and  rotational  swirl  are  decreased  by  passing  through  aluminum  honeycomb,  Duoccl0  aluminum 
foam,  and  a  series  of  fine  40  x  40  wire  mesh  screens.  The  nozzle  is  castcd  from  temperature  resistant  FTM&W  Industries0 
PR4920  aluminum  filled  epoxy  resin  composite,  and  die  inside  walls  smoothly  contract  along  a  fifth-order  polynomial 
contour  to  a  2:1  aspect-rado  elliptical  orifice.  The  area  contraction  ratio  is  eighteen  to  one.  The  dimensions  of  the  major 
and  minor  axes  of  the  nozzle  are  two  inches,  ‘2a’,  by  one  inch,  ‘2b’,  respectively.  Refer  to  figure  31.  The  semi-major  axis 
length,  a,  will  be  the  typical  scale  for  nondimensionalizirrg  lengths  and  die  hydraulic  diameter,  D(  »  4A/P,  where  A  -  rtab 
and  P  -  27t{(a2+b2)/2}1/2,  will  be  required  for  normalizing  against  axisymmetric  and  asymmetric  jets. 


Lady  problems  plagued  the  jet  facility  provoking  distortions  in  the  mean  flow  field  and  necessitated  secondary  design 
changes.  The  heaters  have  been  relocated  further  upstream  and  were  replaced  by  different  heaters  that  permit  flow  over 
heating  plates  replacing  the  previous  arrangement  where  heating  coils  directly  disturbed  die  flow.  A  butterfly  diaphragm 
was  initially  located  immediately  downstream  of  the  blowers  acting  as  a  passive  emergency  heater  shut  down  system  in  the 
case  of  flow  loss  and  preventing  facility  damage.  The  diaphragm  was  removed  due  to  its  negating  effects  upon  the  flow  and 
there  is  no  current  fail-safe  system  in  operadon.  The  secdon  of  honeycomb  was  replaced  upon  the  discovery  that  its  cells 
were  not  properly  vertically  aligned  and  were  inducing  a  small  swirl  to  the  flow.  Ar;  anechoic  chamber  was  inserted  to 
dampen  potendal  acousdc  perturhadons. 

Ambient  conditions  in  the  Rapp  Research  laboratory  arc  far  from  clean  and  a  miniaturized  clean  room  employing 
corton  batting  filters  air  for  the  blower  arrangement’s  intakes.  Following  this  implementation  hot-  and  eold-wire  sensors 
have  endured  considerably  longer  due  to  fewer  damaging  strikes  by  accelerated  specks  of  dust.  The  high  temperatures 
posed  a  very  demanding  problem  regarding  the  manufacture  of  sensor  probes.  Attempts  at  producing  hot-wire  probes  with 
ceramics,  high-temperature  epoxy  or  sih'cr  soldering  resulted  in  stray  capacitance  problems  and  electrical  noise.  Thereupon, 
all  probes  were  purchased  to  sneciflcauon.  Insulation  of  the  jet  facility  was  initially  tyovldcd  by  flbeigiass,  then  mineral 
wool  and  at  the  present  there  is  none  for  health  concerns.  The  interior  of  the  jet’s  anechoic  chamber  was  also  insulated 
with  mineral  wool  to  foidfy  acoustic  damping,  however  this  too  has  been  removed  due  to  portions  of  the  material  flaking 
off  arid  contaminating  the  laboratory  environment.  It  remains  to  be  tested  if  the  facility  will  provide  a  non-irritating,  clean 
and  quiet  flow. 

1 1.3  Data  Acquisition  &  Analysis _ _  _ _ 

II.3.I  Instrunu \tnJon 

Instantaneous  velocity  signals  are  sampled  by  a  high-temperature  Dantco°  55.P71  single  wire  hot-wire  probe.  A 
balanced-bridge  constant-temperature  circuit  supplies  current  ro  th :  anemometer  at  a  60%  overheat  ratio  and  provides  a 
flat  frequency  response  to  30  kHz.  Lik  vise,  instantaneous  temperature  signal  arc  sampled  by  the  previously-stated 
probe  or  simultaneously  with  velocity  signals  by  a  high-temperature  l>antcc°53A75  dual-wire  parallel  probe.  For  -emperature 
sensitivity  the  hot-wire  is  operated  at  a  lower  overheat  ratio  of  0.005.  Tnc  resultant  cold  -wire  has  a  more  limited  frequency 
response  of  300  Hz..  Construction  and  tesung  of  the  constant  current  ar.crnomctci  was  in  accord  with  Wcidman  3i  Browand 
(1975)  and  Antonia,  Browne  &  Chambers  (1981).  The  low  response  region  between  the  original  lime  constant  and  the 
noise  cutoff  frequency  of  the  cold  wire  is  extended  to  3  kHz  using  digital  frequency  compensation  techniques  (Ho,  Fuene 
&  Rcdckopp  1990)  and  the  large  frequency  noise  is  FIR  filter  smootbenod  (M'Clellan  19/6).  The  sensor  element  consists 
of  0.0002"  diameter  platinuni-10%  rhodium  wire  soldered  to  a  l  mm  wide  probe  using  high-tcmperacme  60%  dn-40%  lead 
solder. 

Hor-wirc  voltages  arc  calibrated  in  the  potential  cine  again n  mean  pressures  measured  by  a  pitot  tube  connected  to  a 
Validync  CD  12  pressure  transducer.  King's  L.aw  provides  the  necessary  rc*ationship,  F.z  -  A  +  C  U 1,2  (or  Nusselt  -  A  :  B 
(I’eclet  ")),  Rlackwddcr  (1981),  and  the  constants  of  the  resulting  fourth  order  polynomial  arc  obtained  by  linear  least 
squares  fitting.  In  the  context  of  this  investigation,  die  idusselt  number  which  is  a  dimensionless  group  of  die  heat  transfer 
coefficient  and  length  divided  by  die  heat  conductivity  depends  upon  the  Reynolds  number  and  non-uniform  temperatures. 
The  Reciec  number  represents  the  ratio  of  hcac  advection  by  the  heat  conduction  and  depends  upon  die  Reynolds  number 
iu  this  study  (the  Rrandd  number  remaining  constant). 

Temperature  signals  arc  calibrated  versus  mean  temperature  measurements  by  a  Fenwall0  JJ334  thermistor  or  an 
Omega  RTF)  thin  film  platinum  resistance  piobe  yielding  nearly  accurate  second  order  fits.  Hot-wire  calibration  becomes 
complicated  in  the  presence  of  nonconsiant  density  because  the  constants  in  King’s  relationship  are  instant  functions  of 
temperature,  i  hc  earliest  simultaneous  measurements  of  velocity  and  temperature  with  hoi-  and  cold-wires  employing 


King’s  Law  was  performed  by  Corrsin  (1947).  Recently,  Ali  (1975)  determined  a  different  relationship  between  velocity, 
hot-wire  voltages,  Vhw,  and  cold-wire  voltages,  Vcw,  where,  K?  Vo  and  C.  are  constants.  Refer  to  equation  (9),  The  unknown 
coefficients,  C?  are  obtained  by  performing  a  least  squares  fit  to  the  nonlinear  equation  which  is  initially  linearized  by  a 
Taylor  expansion.  Refer  to  equation  (10). 
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The  probes  are  mounted  on  a  traverse  system 
translatable  in  all  three-dimensions  with  a  spatial 
resolution  of  0.0016  mm.  A  PC  microcomputer  controls 
three  Slo-Syn°  DC  stepper  motors  which  drive  the 
respective  axes  of  the  traverse  system.  Up  to  sixteen 
channels  of  data  are  simultaneously  digitized  and 
recorded  by  a  PC  AT  microcomputer  controlled  RC 
Electronics®  analog-to-digital  converter  at  up  to  1  MHz 
acquisition  rates.  Typically  only  four  input  signals  are 
required:  hot-wire,  cold-wire,  pressure  and  mean 


temperature  values. 


II.3.2  Measurement  Techniques 

A-D-C  sampling  rates  are  selected  co  insure  the  acquisition  of  at  least  10-20  samples  per  period  and  including 
500-1000  periods  of  the  passing  structures  to  obtain  a  statistically  meaningful  population  sample.  Signal  processing  and 
analysis  is  performed  on  a  PC  AT  microcomputer  and  image  processing  and  final  analysis  is  performed  on  an  Apple 
Macintosh  Ilfx.  Mean  values  and  root-mean-squared  fluctuations  are  obtained  from  long  time-averages. 

Elliptic  jet  flow  field  is  highly  three-dimensional  and  the  flow  field  can  not  be  realistically  mapped  out  by  radial  cuts  as 
would  be  die  case  in  an  axisymmetric  flow.  Instead,  the  entire  cross-sectional  area  of  the  flow  is  investigated  and  after 
performing  symmetry  checks  this  is  reduced  to  one  quadrant  of  the  flow.  Sampling  along  the  major  and  minor  axes 
provides  mean  and  fluctuating  profiles  of  velocity  or  temperature,  respecuvely.  The  velocity  profiles  indicate  jet  halfwidth 
spreading  rates  and  axis  switening  locations.  The  entrainment  is  measured  by  sampling  velocity  and  temperature  (for 
heated  flow)  across  25  by  25  grid  points  separated  by  'Ax'  and  ‘Ay’  at  cross-sectional  quadrants  downstream.  The  total 
amount  of  massflow  becomes  the  summation  of  the  product  of  density,  velocity  and  incremental  area,  AxAy.  Checks  can  be 
made  by  insuring  die  total  momentum  flux,  X  pi/ AxAy,  is  constant  at  the  same  cross-sections.  Measurements  revealed  the 
cotal  momentum  to  be  constant  in  the  potential  core  and  to  decrease  no  greater  than  five  percent  at  locations  farther 
downstream  (x/a  >  6).  This  ‘missing’  mass  is  probably  due  to  the  existence  of  small  velocities  (u  <  1  m/s)  near  the  edge  of 
the  flow  and  conscquendv  arc  indistinguishable  by  the  hot-wire  or  pitot  tube  from  A-D-C  bit  noise. 

11.3.3  Analysis  Techniques 

The  tast-fourier  transform  implementing  Welch’s  4-point  algorithm  (Cooley  &  Tukey  1965;  Brigham  1988)  calculates 
the  one-dimensional  energy  spectra  from  which  peak  frequencies  may  be  inferred.  Fluctuating  temperarure  signals  are 
statistic  lly  analyzed  to  obtain  probability  density  functions  of  the  temperature  distributions.  For  heated  measurements  the 
density  of  the  flow  is  calculated  as  z  perfect  gas.  Refer  to  equation  (11).  The  dynamic  viscosity  is  then  calculated  using 
Sutherland’s  equation  (Bcrtin  1984)  and  the  kinematic  viscosi.y  becomes  V  -  | i/p.  Refer  to  equation  (12).  Two  flow 
parameters,  the  Reynolds  numbers,  Red-  3xl04  and  Rc„~  1300,  and  the  Richardson  number  at  maximum  exit  temperature, 
Rj  *g  1  (1-S)/(S  u  )-  10' 5  clearly  demonstrate  the  dominance  of  inertial  forces  over  both  viscous  and  buoyancy  forces. 

Sources  of  error  include  measurement  errors  due  co  the 
accuracy  of  the  hot-wire  anemomcrer ,  ±lmV;  the  cold-wire 
anemometer,  ±0.01  mV;  ihe  pressure  transducer,  ±0.0175  m/s; 
the  thennistors  and  platinum  resistance  sensor.  ±0.1  C;  A  D-C 
‘bit’  noise,  or  minimum  resolution;  ±5mV;  and  randomly 
occurring  60-Hcrrz  background  noise.  Considerable  electrical 
noise  is  reduced  by  regulating  the  supplied  25V  DC  power 
in  the  lint-wire  anemometer  circuits,  and  noise  is  virtually  eliminated  by  powering  the  cold-  wire  anemometer  circuits  with 
12V  dry  cell  batteries.  The  reading  accuracy  of  a  water  manometer  used  to  calibrate  the  pressure  transducer  is  ±0.5mm. 
The  resolution  of  the  A-D-C  is  die  limiting  point  of  the  acquisition  and  analysis  system  and  if  necessary  can  be  decreased 
by  lowering  its  ±10V  input  range  to  ±5V  with  a  resistance  modification  at  a  specific  location  in  the  circuit.  The  probe 
location  in  x,  y  ami  z  is  uncertain  to  +0.0016  mm.  The  jet  is  mourned  vertically  to  eliminate  effects  of  gravity  and  the 
chamber  housing  die  facilicy  is  considerably  tall  enough,  s  2"0  jet  diameteis,  to  disregard  potential  fecdoack  from  downstream 
reflections. 
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A  small  forcing  chamber  is  machined  into  chc  nozzle  exit  allowing  four  acoustic  inlets.  Refer  to  figure  32.  Four 
Dynaudio0  type  D-21  speakers  with  a  response  range  between  100  Hz  and  35  kHz  acoustically  perturb  the  flow  and  their 
output  signals  emit  at  opposed  ends  of  the  major  and  minor  axes  at  the  nozzle  exit.  This  placement  allows  for  axisymmetric, 
asymmetric  and  helical  forcing  modes  with  die  phase  differences  between  the  speakers  provided  by  a  variable  phase-shifting 
circuit.  The  speakers  are  powered  bv  a  pair  of  two-channel  Carver0  M-200t  120W  per  channel  power  amplifiers.  The 
output  is  synthesized  by  either  a  B&K°  function  generator  which  sends  condnuous  sinewaves,  a  simple  arbitrary  waveform 
transmitted  by  a  PC  microcomputer  controlled  RC  Electronics0  Waveform  Generator  or  a  more  complicated  high-frequency 
waveform  may  be  sent  via  a  12-channel  Data  Translation0  DT-2814  digital-to-analog  converter. 


11.5  Optical  Flow  Diagnostics 


Flow  visualization  of  heated  jet  flow  is  a  simple  and  helpful  tool  to  aid  in  the  analysis  of  the  dynamics  of  turbulence 
(Liepmann  &  Roshko  1957:  Merzkirch  1987).  Visual  evidence  of  the  small  scale  structure  of  a  flow  can  be  obtained  if 
cemperature  fluctuations  are  present  in  the  turbulence.  Temperature  gradients  are  steepest  when  they  are  associated  with 
the  smallest  eddies,  and  any  optical  system  sensitive  to  such  fluctuating  gradients  ‘secs’  the  small  scale  structure  of 
turbulence.  However,  the  usefulness  of  flow  visualization  becomes  severely  degraded  in  the  near  ‘chaotic’  three-dimensional 
turbulent  regions  downstream  of  the  flow  where  higher-order  instabilities  increase  the  ‘wrinkledness’  of  the  intermittent 
interface. 

Density  gradients  in  die  flow  are  visualized  by  means  oi  a  sharp  focusing  schlicren  system  and  recorded  by  conventional 
still  and  motion  photography.  Focusing  Schlieren  is  a  non-intrusive  flow  visualization  method  (Burton  1949;  Kantrowitz  & 
Trimpi  1950;  Weinstein  1991).  It  yields  more  qualitative  as  well  as  quantitative  data  than  conventional  schlicren  and 
shadowgraph  methods  which  are  only  useful  in  flows  having  translational  symmetry  because  they  integrate  intensity  along 
the  entire  light  path.  Visualization  of  individual  plane  sections  of  finite  depth  is  possible  within  the  turbulent  flow.  Actual 
planar  slices  repeal  individual  cross-sections  of  large-scale  vortical  structures  and  small-scale  three  dimensional  turhiilence 
in  the  jet. 

In  the  basic  schlieren  system  ordinary  white  light  is  focused  into  parallel  beams  by  being  passed  through  a  lens  and 
transmitted  across  a  test  section.  This  line-of-sight  integration  drastically  limits  the  ability  to  study  the  inner  structure  of  a 
three  -dimensional  flow  field.  The  Focusing  Schlieren  system  uses  multiple  light  sources  by  passing  light  through  a  grating 
whose  lines  are  aligned  parallel  to  the  mean  flow  studied.  In  rhis  manner  many  beams  of  light  pass  through  any  given  point 
within  the  test  section  and  subsequently  there  will  be  many  beams  of  deflected  light  within  the  test  section.  Finally,  there 
must  be  multiple  knife  edges  or  cutoffs  to  focus  and  filter  the  incoming  rays.  A  screen  receives  rays  which  have  passed 
through  one  given  point-  Other  points  intercept  and  deflect  tnese  rays  but  none  of  the  rays  focusing  upon  the  screen  will 
have  encountered  any  points  in  common,  along  their  respective  paths.  Only  the  deflection  from  the  common  points  within 
a  plane  in  the  test  section  will  contribute  to  the  intensity  of  light  at  the  screen.  Other  planes  remain  out  of  focus  and  their 
offset  images  blur  out  as  in  the  focu  ing  of  ordinary  camera  lenses.  There  is  only  one  moving  part,  the  screen  which  is 
translated  forwards  and  backwards  to  visualize  different  planes  in  the  test  section. 

The  size  of  lire  flow  region  in  one  near  field  of  the  elliptic  jet  dictates  the  minimum  size  of  the  necessary  optics  for 
visualization.  White  light  is  emitted  from  a  variable  strobed  light  source,  General  Radio0  1540  Strobolume  Oscillator, 
controlled  by  a  function  generator.  Light  is  collimated  by  a  10.5”  focal  length  F.dmund  Scientific0  Fresnel  Lens  and  passes 
through  Ronchi  Rulings  consisting  of  vertical  25  line  per  inch  fringes.  The  funge  pattern  was  computer  generated  and 
lascrptinted  onto  3M  transparency  paper,  L'ght  rays  penetrate  the  flow  region,  are  focused  by  a  10  inch  converging  lens, 
and  then  are  deflected  by  a  second  set.  cf  Ronchi  Rulings.  The  second  Ronchi  Rulings  were  created  by  placing  Kodak0 
IvKtapan  8"  x  10"  black  and  white  photographic  paper  at  che  location  of  rhe  second  Ruling;  and  briefly  exposing  it  to  the 
image  created  by  the  first  set  of  Rulings.  The  resultant  film  is  developed  so  as  to  obtain  very  dark  fringe  patterns.  This 
second  set  of  fringes  is  aligned  with  the  first  set  of  fringes  until  an  interference  image  of  moire  patterns  vanishes.  The  final 
plane  image  within  the  flow  appears  on  a  cardboard  viewing  screen  behind  die  second  Ronchi  Ruling  or  on  ground  glass  to 
allow  camera  recording  (Austin  &  Schreck  1990).  Refer  to  figuic  33 

Recording  cf  the  imasms  on  the  ground  glass  screen  was  done  by  3n  ELMO°  SE  30 1  black  Sc  white  CCD  TV  Camera 
connected  to  a  Panasonic0  TL  AG  6750  Super  VHS  Video  Cassette  Recorder  and  Panasonic0  CT  2010-Y  Color  Video 
Mc'nitor.  Still  black  and  white  images  were  taken  by  a  Nikon0  F4S  35m.m  camera  with  a  VivitaC  1:4.5  macro  focusing  zoom 
lens  on  Kodak0  TMAX  100  and  400  ASA  film.  Snper-VHS  or  VHS  videotape  of  the  flow  is  digitized  on  a  PC  AT 
ntiucvompu.er,  and  subsequently  enhanced  and  analyzed  on  an  Apple0  Macintosh  llfx  microcomputer  or  a  Gould0  1P9000 
workstation  in  the  future. 


17 


III.  CURRENT  RESULTS 


III,!  Mean  Flow  PiddL.    - 

Measurements  have  been  carried  out  in  die  steady  state  Sow  of  a  subsonic  homogeneous  2:1  aspect-ratio  elliptic  jet 
and  have  confirmed  previous  resulcs  (Ho  &  Gutmark  1987)  that  reveal  the  elliptic  jet  to  have  markedly  increased  mixing 
qualities  over  an  axisymmetric  jet.  The  addition  of  heat  was  found  to  further  modify  the  voiticity  distribution  in  the 
coherent  structures  and  further  intensifying  the  spreading  and  mixing  characteristics  of  the  elliptic  jet.  All  experiments 
were  performed  in  the  same  facility,  and  elliptic  and  axisymmetric  nozzles  with  equal  exit  areas  and  Reynolds  numbers 
were  employed  thereby  removing  any  potential  bias.  The  parameter  space  of  the  current  study  included  subsonic  velocities 
from  20  m/s  ro  85  m/s  and  temperatures  ranging  from  the  ambient  to  220°  C.  For  nonhomogeneous  flow  the  facility  is 
allowed  to  warm  up  and  reach  steady  scare  conditions  (approximately  one  hour)  in  order  to  sample  mean  velocity  and  mean 
temperature  measurements  at  the  same  grid  locations  but  separately  in  time. 

III.I.l  Mean  Velocities 

Mean  velocity  measurements  in  nonhomogeneous  flows,  whether  by  pitot  tube  or  hot-wire,  yield  mean  total  pressures 
from  which  mean  velocities  arc  calculated  with  the  knowledge  of  the  mean  temperature  at  diat  location.  Refer  to  equations 
(13)  &  (14).  The  static  pressure  in  the  elliptic  jet  is  approximately  1-2%  of  the  total  pressure  throughout  the  flow  and  is 
deemed  negligible  in  die  velocity  calculations.  Measurements  of  the  initial  momentum  thickness  confirmed  previous 

findings  of  the  existence  of  a  nonconstant  momentum  thickness 
about  the  nozzle  perimeter:  The  momentum  thickness  is  13%  thinner 
in  the  minor  axis  region  than  the  major  axis  region.  Furthermore, 
die  momentum  thickness  varies  with  the  inverse  square  lootof  the 
exic  velocity,  similar  to  axisymmetric  ^jets.  The  most  amplified 
frequency  is  determined  to  vary  as,  U„' a,  and  the  length  scale  of 
the  initial  vortical  structure  scales  as,  U')r .  Nonhomogeneous  flow 
did  not  noticeably  affect  the  initial  momentum  thickness  or  the 
most  amplified  frequency. 

The  mean  velocity  profiles  emerge  at  the  exic  with  a  top-hat  j  rofile  and  evolve  ime  bell-shaped  profiles  downstream 
resembling  asymmetric  and  axisymmetric  jets  in  general.  The  sj,  eading  of  the  flow  due  to  self-induction  is  different 
between  the  major  and  minor  axes.  At  low  velocities  the  shear  layer  in  the  minor  axis  region  expands  by  spreading  out  into 
the  ambient  region  as  evidenced  by  the  increasing  velocity  profiles.  However,  the  ‘narrower’  velocity  distribution  indicates 
the  shear  layer  in  the  major  axis  region  spreads  into  the  potential  core.  Refer  to  figure  34.  Velocity  contour  plots  clearly 
indicate  larger  spread  rates  in  the  minor  axis  direction  and  illustrate  a  nearly  circular  mean  velocity  distribution  between 
four  and  eight  semimajor  axis  lengths  downstream —  the  region  of  axis  switching.  Refer  to  figure  35.  Velocity  haifwidths 
emphasize  linear  growth  of  the  minor  axis  region  and  a  neat  constant  state  of  affair  in  the  major  axis  region.  The  first  axis 
switching  location  is  evident  in  the  neighborhood  of  x/a  -  7.  Downstream  of  the  first  eight  semimajnr  axis  lengths  both 
regions  grow  at  a  nearly  equivalent  linear  rate.  At  higher  exit  velocities  the  differences  between  the  respective  spreading 
rates  become  less  pronounced  as  evidenced  by  only  slightly  more  spreading  of  the  velocity  halfwidths  in  the  minor  axis 
region  than  the  major  axis  region.  The  centerline  mean  velocity  remains  constant  up  to  five  seinimajor  lengths  confirming 
die  length  of  the  potential  core  to  be  in  agreement  with  conventional  jet  dimensions. 

III. 1.2  Mass  Entrainment 

The  primary  purpose  of  investigating  the  elliptic  jet  is  to  measure  the  mass  entrainment  and,  hence,  large  scale 
mixing.  The  entrainment  ratio  is  defined  as  the  ratio  of  die  local  massflow  at  a  cross-section  to  the  massflow  at  the  nozzle 
exit,  Q(x)  -  (Q(x)  -  Q0)/Q0,  where  the  local  massflow  is  defined  as,  Q(x)  -X  p;(y,z)  U;(y,z)  AyAz  [kg/s],  which  is  summed 
over  all  grid  locations  across  a  given  jet  cross-section.  Entrainment  measurements  for  varying  velocities  in  the  homogeneous 
elliptic  jet  agreed  with  the  earlier  spectacular  results  of  Ho  &  Gutrr.ark  (1987).  The  minor  axis  region,  defined  by  ‘arbitrary’ 
diagonal  borders  set  ?.t  45°,  entrains  at  least  five  times  more  than  die  major  axis  region.  This  strongly  asymmetric  distribution 
of  entrainment  abcut  die  elliptic  jet  flow  field  is  the  primary  evidence  for  the  proposed  entrainment  mechanism  of 
self-inducting  azimuthally  distorted  elliptic  vortex  rings  rather  than  the  merging  of  vortices  as  found  in  mixing  layers  and 
axisymmetric  jets. 
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HI.  1.3  Velocity  Effects 

Two  prominent  features  associated  with  die  flow,  the  location  of  first  axis  switching  and  mass  entrainment,  were  found 
to  vary  significantly  with  varying  exic  velocity.  The  location  of  the  first  and  only  detected  axis  switching  of  the  elliptic 
vortices  increased  downstream  in  direct  proportion  to  the  mean  exit  centerline  velocity.  Measurements  of  the  mass 
entrainment  decreased  with  increased  exit  velocities.  Refer  to  figure  36.  These  results  reaffirm  the  existence  of  a  strong 


correlation  between  the  dynamics  of  the  elliptic  vortex  rings  and  their  associated  axis  switchings  with  mass  entrainment  by 
the  large  scales  in  the  flow  field  of  a  2:1  aspect-ratio  elliptic  jet.  The  maximum  exit  velocities  correspond  to  Mach  0.25  so 
that  these  results  hold  only  for  a  subsonic  incompressible  elliptic  jet  although  these  results  are  consistent  with  the  fact  that 
supersonic  jets  have  smaller  spreading  rates  and  entrain  less  mass  titan  their  subsonic  counterparts.  These  results  may 
suggest  a  Reynolds  number  dependence  in  which  the  initial  boundary  layer  upstream  of  the  nozzle  might  be  modified  in 
both  axes’  regions . 


HI. 1.4  Nonhomogeneous  Effects 

Temperacure  was  increased  to  investigate  nonhomogeneous  effects  on  the  development  of  an  elliptic  jet  and  heat  was 
also  employed  as  a  contaminant  to  trace  the  large  scales.  Heating  the  elliptic  jet  further  enhanced  the  already  large 
spreading  rates  and  die  velocity  profiles  indicated  an  inner  growth  in  the  major  axis  region  of  the  shear  layer  and  an  outer 
growth  in  the  minor  axis  region  similar  to  the  homogeneous  low-speed  case.  The  resulting  nonconstant  density  distribution 
in  the  jet  modifies  the  dynamics  of  the  self-inducting  ellipuc  vortex  rings.  This  is  manifested  in  the  corresponding  velocity 
halfwidths  whereupon  the  locauon  of  axis  switching  for  a  heated  elliptic  jet  with  the  exit  velocity  held  constant  translates 
upstream  from  x/a  -  7  to  x/a  -  5.7.  This  is  a  20%  reduction  in  the  axis  switching  locauon  for  a  25%  increase  in  absolute 
temperature.  Refer  to  figure  37.  Nonhomogeneous  centerline  mean  velocities  are  virtually  identical  to  their  homogeneous 
counterparts  and  the  length  of  the  potential  core  remains  unchanged. 

Additional  measurements  of  nonhomogeneous  effects  at  varying  exit  temperatures  confirmed  the  inverse  dependency 
of  the  location  of  axis  switching  upon  the  density  ratio,  F  -  p/p.,.  Evidendy  then,  the  location  of  axis  switching  depends 
Imeaily  upon  the  ratio  of  Re/T.  Refer  to  figure  3S.  Measurements  of  subsonic  large  aspect-ratio  jets  by  other  authors 
found  the  axis  switching  location  to  move  downstream  with  increased  aspect-ratio.  Therefore,  it  is  proposed  that  the 
location  of  the  first  axis  switching  scale  with  the  nondimensional  parameter,  Re/  (r  AR),  where  AR  e  aspect-rauo. 

In  the  medium  of  air,  turbulence  transports  heac  similarly  as  it  transports  momentum  because  the  Prandtl  number  is  a 
constant  value  -  0.7.  Subsequently,  the  mean  temperature  distributions,  albeit  broader  and  flatter,  closely  resemble  the 
mean  velocity  distributions  and,  hence,  a  uni.-crsal  behavior  of  mean  quantities  exists  throughout  the  jet  In  the  case  of  the 
ellipuc  jet,  the  mean  temperature  profiles  mimic  mean  velocity  profiles  as  they  grow  inward  along  the  major  axis  and  grow 
outward  in  the  minor  axis  region.  A  temperature  haifwidtii  may  be  measured  like  its  velocity  counterpart,  and  the  location 
where  the  major  and  minor  axes  regions  have  equal  halfwidths  occurs  upstream  from  the  axis  switching  locauon  at  x/a  -  4. 
It  becomes  appearent  that  the  spreading  rate  in  tire  minor  axis  legion  is  re  arded  at  higher  (subsonic)  exit  velocities  while 
on  the  other  hand  is  enhanced  by  higher  exit  temperatures.  This  pattern  is  exhibited  oy  mean  velocity  contours  where 
similar  growth  of  the  major  and  minor  axes  profiles  is  apparent  for  a  high  velocity  (85  m/s)  and  high  temperature  (185  C) 
flow  field  as  for  a  low-speed  homogeneous  case. 

The  nonhomogeneous  elliptic  jet  entrained  as  much  as  25%  more  mass  than  the  homogeneous  case  (Ho  &  Austin 
1988).  in  the  first  two  semimajor  axis  lengths  the  nonhomogeneous  elliptic  jet  entrains  up  to  six  times  more  than  a 
homogeneous  axisynimetric  jet  and  entrains  up  to  three  and  a  half  times  more  than  a  nonhomogeneous  axisymmetric  jet 
Refer  to  figure  39.  The  near-field  of  tire  homogeneous  and  nonhomogeneous  small  aspect-ratio  elliptic  jet  was  found  to 
be  a  region  characterized  by  large  scale  mixing  more  intense  than  in  an  axisymmetric  jet  and  these  findings  are  promising 
in  view  of  the  fact  that  this  coincides  with  the  region  where  combustion  processes  are  initiated.  Nonhomogeneous  flow  in  a 
small  aspect-ratio  elliptic  jer.  is  also  characterized  by  increased  large  scale  mixing  and  this  is  a  desirous  passive  method  of 
increasing  entrainment. 


1 1 1.2  Turbulent  Flow  Field 


HI. 2.1  Temperature  Fluctuations 

Instantaneous  velocity  and  temperature  signals  were  measured  oy  hot-  and 
cold- wires,  respectively,  to  investigate  the  details  of  die  nonhomogeneous  shear  layer 
and  the  entrainment  process.  The  turbulent  or  root-  mean -square  signal  is  extracted 
from  the  instantaneous  signal  stausdcally.  Refer  to  equauon  (15).  The  frequency  response 
of  the  cold  wire  anemometer  docs  not  permit  accurate  measurements  of  the  flow  in  the 
neighborhood  of  the  nozzle  exit  because  the  characteristic  frequencies  are  greater  than 
the  cut  off  frequency  of  the  circuit.  For  a  jet  exit  velocity  of  70  rn/s  the  most  amplified 
frequency  is  10,400  IIz,  and  the  initial  instability  wavelength  is  estimated,  \  =>  U_  J  (2 
f  )  -  0.35  cm.  The  frequency  of  the  second  vortex  merging  is  fn/2  -  5,200  lie  at  x/£  -  8 
and  die  third  vortex  pairing,  lj/4  =  2,600  Hz,  occurs  at  x/A  -  16  or  5.23  cm  d<>wnsucam  which  is  at  x/a  -  2.06.  'I’heiefure,  the 
frequency  compensated  cold-vdrc  sensor  is  capable  of  resolving  temperatuic  fluctuations  for  all  regions  downstream  of  the 
first  two  semimajor  axis  lengths  where  characteristic  frequencies  are  less  than  3  kl  iz. 

Mean  temperature  contours  rcvcai  the  existence  of  nevci  before  seen  dual  temperature  peaks-  one  on  cither  side  of 
the  centerline  aiong  the  major  axis.  The  peeks  appear  after  x/a  -  4  and  merge  into  one  ‘normal’  peak  beyond  x/a  -  8,  in  a 
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repeatable  pattern  that  is  more  pronounced  at  higher  temperatures.  Refer  to  figure  40.  These  ‘dual  peaks'  occur  in  the 
mixing  region  following  the  termination  of  the  potential  core  where  the  turbulent  shear  layer  fills  die  entire  flow  fiel  j. 
Supporting  evidence  to  this  anomaly  is  given  by  contours  of  RMS  temperature  which  show  similarly  distributed  twin  peaks 
of  thermal  fiuceuadons  but  along  die  minor  axis.  The  evolution  of  the  turbulent  temperature  field  downstream  as  shown  in 
RMS  temperature  contours  portrays  higher  intensities  in  the  minor  axis  region  beginning  at  x/a  -  3  and  becoming  acute  at 
x/a  -  10.  The  existence  of  greater  thermal  turbulence  in  the  minor  axis  region  indicates  pronounced  iaige  scale  mixing 
processes  engulfing  more  ambient  fluid  into  die  hotter  inner  fluid  along  the  minor  axis  region.  This  would  create  slightly 
cooler  regions  in  the  centerline  and  min-  r  axis  regions  and  probably  be  responsible  for  the  unique  mean  temperature 
distribution. 

Larger  amounts  of  mixing  arc  to  be  expected  in  the  minor  axis  region  where  greater  spreading  rates  and  significandy 
larger  rates  of  entrainment  occur.  Centerline  mean  temperatures  remain  constant  over  shorter  downstream  lengths  at 
higher  temperatures  suggesting  higher  rates  of  mixing  in  inverse  proportion  to  the  density  rauo.  In  the  mixing  region 
downstream  of  the  end  of  die  potential  core  the  centerline  mean  temperatures  are  lower  in  the  elliptic  jet  than  an 
axisymmetric  jet  at  die  exit  condidons  of  220  C.  and  55  m/s  perhaps  indicaung  deeper  penctradons  of  ambient  fluid  into  the 
mixing  region  of  the  jet. 


1IL2.2  Temperature  Probability  Density  Functions 

Instantaneous  temperatures  were  measured  along  the  major  and  minor  axes  at  downstream  cross--secuons  in  a 
nonhornogencous  elliptic  jet  with  an  exit  temperature  of  150  C  and  exit  velocity  of  70  m/s.  Probability  density  functions, 
a.k.a.  PDFs,  were  statisticafly  obtained  by  building  up  histograms  of  discrete  temperature  ranges  from  the  fluctuadng 
temperature  signals.  These  calculations  depict  temperature  distributions  and  are  normalized  with  respect  to  the  local 
centerline  cemperature  at  every  cross-section  in  die  flow.  The  distribudon  of  the  PDF  profiles  along  the  minor  axis 
indicate  a  consistendy  even  progression.  This  is  in  marked  contrast  to  die  PDF  distributions  along  the  major  axis  which  are 
skewed  towards  eidier  very  hor  temperatures  near  the  jet  core  or  towards  cooler  ambient  condidons  at  die  jet  edge.  These 
results  were  repeated  for  all  downstream  locations  across  the  major  and  minor  shear  layer  regions.  Refer  to  figure  41. 

The  gradual  even  distributions  along  die  minor  axes  suggest  the  penetradon  of  larger  amounts  of  ambient  fluid  into 
the  minor  axis  resulting  in  more  global  mixing  and  inducing  niure  eriuaiiimeni.  The  skewed  arrangement  of  the  PDFs 
along  the  major  axis  suggest  smaller  amounts  of  localized  mixing  because  die  regions  near  the  centerline  remain  at  higher 
tempera '.urcs  than  the  corresponding  regions  along  the  minor  axis.  Measurements  reveal  similarly  placed  PDFs  in  cooler 
nonhomogeneous  flows.  A  comparison  of  two  PDF  profiles  at  two  similar  locauons  in  the  shear  layer,  y/a-  0.5  in  the  major 
axis  an  ’■  z/b  -  0.5  in  the  minor  axis,  respectively,  reveals  some  differences  for  a  heated  flow  of  130  C.  A  broader  distribudon 
in  the  minor  axis  is  skewed  towards  cooler  temperatures  refleedng  more  mixing  over  a  wider  range  of  temperatures.  In 
contrast,  the  sharp  narrow  peak  of  rhe  major  axis  indicates  very  little  mixing  because  die  temperature  of  the  flow  remains 
confined  to  a  narrow  temperature  range.  PDF  measurements  of  temperature  fluctuations  help  visualize  the  mixing  process 
in  die  elliptic  jet  in  which  the  self-inducting  large  scale  vortices  engulf  large  amounts  of  ambient  fluid  into  the  mixing 
layer  primarily  in  the  minor  axis  region  (Austin  &  Ho  1988). 


1 11.3  Flow  Visualization 


T  he  structure  of  the  nonhornogencous  elliptic  jet  has  been  examined  by  standard  opucal  mediuds  of  flow  visualization, 
including  schlieren  and  shadowgraph  as  well  as  by  a  more  powerful  and  recently  revived  means-  the  sharp  focusing 
schlieren.  Images  of  die  flow  were  recorded  by  still  and  rnodon  picture  cameras.  Conventional  schlieren  and  shadowgraph 
techniques  display  the  iruermittendy  textured  surface  ensconcing  the  flow  field.  The  sharp  focusing  schlieren  by  definition 
of  its  name  focuses  Upon  individual  thin  volumetric  slices  within  tile  flow  field.  The  elliptic  jel  has  been  observed  at 
temperatures  as  big!.  195  C,  although  structures  are  remarkably  still  identifiable  at  lower  temperatures  of  45  C.  The 
entire  range  of  flow  velocities  arc  visualized  by  schhcrcn  ul  shadowgraph  aldmugh  lower  velocities  yield  best  results. 
Focusing  schlieren  requites  small  density  ratios  (high  exit  temperatures)  in  conjunction  with  minimum  exit  velocities  to 
enable  qualitative  viewing  of  die  la.gc  scale  structures.  The  maximum  heating  of  the  facility  operated  at  low  speed  is  very 
demanding  upon  the  facility,  and  in  general  focusing  schlieren  is  considerably  more  difficult  to  set  up  and  opeiatc 
clficicndy  than  conventional  schlieren  oi  shadowgraph  techniques. 

Drown  &  Roshko  (1974)  and  Winant  &  ft  ro  wand  (1974)  primarily  relied  on  flow  visualizations  of  svieaklines  \i, 
study  the  mourn  of  large  scales.  Optical  flow  diagnostics  arc  indispensable  ii?  the  analysis  of  experimental  nows,  but  can 
not  be  a  replacement  because  interpretations  of  flow  visualization  are  difficult  to  achieve  corrccdy.  They  provide  a  ‘quick 
picture’  to  an  overall  flow  in  a  brief  amount  of  time  that  would  oiherwLe  require  large  amounts  of  experimental  measurements 
to  infer  the  obierved  characteristics. 


Ill .3.1  Shadowgraph  and  Schlieren 

Large  scale  toroidal  vortices  obscived  by  shadowgraph  and  schlieren  diagnostics  roll  up  into  deafly  identifiable 
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structures  in  the  vicinity  of  the  nozzle  exit.  Additionally,  a  .-.mall  number  of  streamwise  vortices  appear  following  the  first 
voncx  merging.  After  die  first  cwo  vortex  mergings,  both  the  ring  vortices  and  streamwise  structures  become  obscured  in  a 
field  of  ‘rough’  turbulence.  This  is  due  to  the  integration  of  light  through  the  entire  flow  field  by  conventional  shadowgraph 
and  schliercn  methods.  Nevertheless,  one  can  appreciate  die  overall  spreading  of  the  jet  and  quantitatively  the  ‘visual’ 
spreading  angle  widi  respect  to  the  centerline  is  as  much  as  four  times  greater  in  the  minor  axis  plane  (25°)  as  compared  to 
die  major  axis  plane  (6°).  Hie  ring  vordees  appear  horizontal  in  the  major  axis  plane  and  they  appear  ‘bent’  and  to  overlap 
each  odiei  some  what  ir  die  minor  axis  plane.  The  distorted  shape  of  the  rings  in  the  minor  axis  plane  confirms  the 
predicted  con  oluted  mourns  of  ch  minor  axis  secdon  in  the  self-inducting  elliptic  vortices. 

A  no:  homogeneous  axisy.nmctric  jet  was  also  investigated  and  found  to  ‘visually’  spread  at  an  approximately 
similar  ang.e  as  in  the  m  .jor  axis  plane.  The  appearance  of  the  large  scales  duplicated  those  visible  in  die  major  axis  plane 
of  the  elliptic  jer  and  few  f  any  sueamwise  vortices  were  apparent  The  existence  of  similar  characteristics  in  the  axisymmetric 
jet  and  major  axis  plane  of  the  elliptic  jet  may  be  corollary  to  sensor  measurements  indicating  similar  rates  of  entrainment 
and  spreading  angles  in  the  two  regions.  The  profile  of  the  turbulent  interface  appears  less  irregularly  shaped  than  that  of 
either  plane  in  the  elliptic  jet  The  visual  evidence  regarding  the  axisymmetric  jer  conclusively  supports  the  elliptic  jet’s 
unique  properties  of  larger  spreading  rates  and  irregularly  shaped  elliptic  vortices. 

III. 3. 2  Focusing  Schlieren 

As  in  the  previous  method  of  visualization,  focusing  schlieren  confirmed  an  initially  laminar  jet  rolling  up  into  large 
toroidal  vortices.  Observae-ms  of  the  flow  by  focusing  schlieren  reveals  cross-sections  of  the  large  scale  vortices  when 
imaging  planar  cuts  througn  the  center  of  die  jet.  Otherwise,  focusing  at  other  cross-sections  reveal  vortical  structures  at 
oblique  angles.  The  ‘roug.Y  turbulence  seen  by  the  previous  mediods  are  not  observed.  Focusing  schlieren  allows  observations 
of  the  ensuing  development  of  die  large  scale  structures  farther  downstream  than  conventional  optical  diagnostic  methods. 
Streamwise  vortices  are  barely  distinguishable  when  focusing  on  the  edge  of  the  flow  field  because  the  ‘cuts’  are  vertical 
and  the  jet  along  with  its  streamwise  structures  spreads  outwards  diagonally  such  that  the  enure  streamwise  structure  is  not 
visible  in  the  plane  of  focus. 

Similar  to  the  findings  made  by  the  shadowgraph  and  schlieren  system,  the  cross-sections  of  the  large  scales  are 
horizontally  situated  in  the  major  axis  plane  but  they  are  tilted  at  large  angles  with  respect  to  each  other  when  viewed  fiom 
the  minoi  plane.  Quantitative  measurements  of  the  separation  and  size  of  die  large  scales  can  be  determined  from  digitized 
images  of  the  flow  and  the  measured  scale  of  the  initial  vortex  agrees  with  calculated  values.  These  visualizations  may 
suggest  the  onset  of  helical  stability  modes  overpowering  die  initially  axisymmetric  modes  of  the  elliptic  vortices  (Ho, 
Hucrre  &  Rcdckopp  1990).  Refer  to  figure  42.  Finally,  side  jets  were  not  observed  for  any  density  ratio  or  exit  velocity 
and  it  is  apparent  that  side  jets  form  only  in  axisymmetric  jets  at  low  density  ratios  (Monkewitz,  Bechcrt,  Bariskow  & 
Lehmann  1990). 


jni.4 Forcgdig.l        

A  brief  forcing  investigation  was  performed  on  a  homogeneous  jet  operating  at  a  low  velocity  of  8  m/s.  Four  speakers 
emitted  sinusoidal  acoustic  waves  into  four  chambers  that  were  symmetrically  located  witii  iespeut  to  die  major  and  minor 
axes.  The  perturbations  entered  'he  flow  at  die  nozzle  edge  from  four  opposite  directions.  Forcing  was  done  at  the  most 
amplified  frequency  and  at  very  low  amplitudes  so  as  not  to  alter  the  velocity  mean  profile  and  influence  the  initial 
stability.  The  laminar  flow  at  the  nozzle  exit  exhibited  a  more  organized  pattern  in  that  the  instantaneous  velocity  signal 
displayed  on  an  oscilloscope  became  more  sinusoidal  and  less  random  when  either  or  both  of  the  major  and  minor  pairs  of 
opposing  speakers  forced  die  flow  (in-phase  forcing).  The  same  results  were  observed  for  anti-ohase  forcing,  when  either 
pair  of  opposing  speakers  were  operated  with  a  180°  phase  shift  with  respect  to  the  other  speaker  pair.  Under  these  flow 
and  forcing  conditions  it  appeared  neither  the  major  axis  or  minor  axis  region  was  more  responsive  to  small  amplitude 
forcing.  This  is  interesting  in  light  of  previous  measurements  indicating  similar  near  field  presrure  fluctuations  in  both  die 
major  and  minor  axes  regions  of  die  subsonic  elliptic  jet  (Gutmark  &  llo  1985). 


LilJLlyLwitlj  jkLvTldX'  

T  he  homogeneous  elliptic  jer.  is  convccuvcly  unstable.  Introducing  nonhomogeneity  into  the  flow  by  reducing  the 
dci  sity  ratio  did  not  aitcr  die  jet’s  global  stability  modes.  Subsequently,  the  effects  of  increased  velocity  ratio  was  briefly 
investigated  by  applying  suction  uniformly  along  the  edge  of  the  elliptic  jet  nozzle.  The  study  was  motivated  by  the 
pitdietions  of  spatio-temporal  instability  thcoiy  (Hucrtc  &  Monkewitz  1990)  and  a  recent  experimental  study  of 
coumcicurreni  mixing  layers  in  an  axisymmetric  jet  (Strykowski  5c  Niccum  1990).  Theory  predicts  a  critical  velocity  ratio, 
Rult-  1  32,  ir:  a  mixing  layer  here  die  flow  transitions  from  convective  to  absolute  instability  and  this  has  been  verified 
experiment;:  iy  for  axisyiiimetr-c  jets.  Spatio-temporal  instability  dicory  also  predicts  a  transition  to  absolute  instability  at 
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density  ratios  <  0.7,  however  absolutely  unstable  regions  were  not  noticed  in  die  nonhomogeneous  elliptic  jet  for  density 
ratios  as  low  as  0.66.  It  is  possible  that  asymmetric  jets,  specifically  2: 1  aspect-ratio  elliptic  jets,  aic  characterized  by  critical 
velocity'  and  density  rados  different  from  mixing  layers. 

Sucdon  was  applied  along  the  circumference  of  the  elliptic  nozzle  raising  die  velocity  rsuo  up  to  5  and  the  subsequent 
changes  in  the  nonhomogeneous  flow  were  immediately  observed  by  means  of  the  focusing  schliercn  method.  It  must  be 
noted  that  the  trailing  edge  separaung  forward  and  reverse  flow  is  not  ideally  diin  but  is  approximately  26  initial  momentum 
thicknesses  wide  due  to  structural  constraints  imposed  by  heat  stresses  upon  the  aluminum-composite  nozzle.  Flow 
visualizauon  revealed  a  decreased  distance  to  the  first  vertex  merging,  the  eliminauon  of  the  initial  laminar  region  and  a 
shortening  of  the  potendal  core.  It  appeared  the  virtual  origin  of  the  jet  w_s  being  translated  upstream  by  the  effects  of 
sucdon. 

Measurements  of  mean  quanddes  in  a  homogeneous  flow  were  sampled  at  low  exit  velocides  of  20  m/s.  Reverse 
velocities  were  nor.  measured  with  available  sensors.  Pitot  tube  measurements  of  centerline  mean  velocities  verified  a 
shortening  of  the  potendal  core  under  the  effects  of  sucdon  from  x/a  -  4  to  x/a  -  3.5.  Mean  velocity  profiles  decreased  as 
much  as  15%  and  halfwidth  calculadons  indicated  decreased  spreading  in  both  axes.  However,  in  die  shear  layer  velocity 
fluctuations  did  not  differ  for  all  velocity  rados  >  1  except  at  die  exit  where  die  amplitudes  were  one  order  of  magnitude 
higher  in  the  case,  R  >  1.  Massflow  measurements  showed  that  sucdon  reduced  entrainment  ratios  in  an  elliptic  jet  albeit 
higher  than  in  an  axisymmetric  jet. 

No  firm  conclusions  regarding  the  existence  of  absolute  instability  were  obtained  from  the  study,  and  the  configuration 
of  the  thick  trailing  edge  may  have  been  responsible  for  these  results. 

III.6  Rectangular  Orifice  Jets 

Nonhomogeneous  rectangular  orifice  jets  characterized  by  1:1,  2:1,  3:1  and  4:1  aspect  rados  with  constant  hydraulic 
diameter  were  visualized  by  focusing  schliercn.  The  passive  and  active  control  of  the  spreading  of  rectangular  orifice  jets 
was  investigated  at  velocides  between  30  m/s  to  80  m/s  and  temperatures  up  to  150  C.  For  natural  flows,  the  ‘visual’  jet 
widdi  and  overall  spread  angle  did  not  exhibit  significant  changes  in  either  major  or  minor  axes.  Side  jets  were  not  observed 
reinforcing  current  beliefs  confining  their  existence  to  nonhomogeneous  axisymmetric  flows.  External  forcing  by  a  single 
speaker  located  outside  the  near  field  also  presented  no  visual  change  in  jet  width  or  spread  angle.  However,  at  extremely 
low  exit  velocities  around  15  m/s,  forcing  effects  became  dramatically  nouceable  and  the  shear  layer  thickened  as  much  as 
33%  and  the  ‘visual’  spreading  angle  increased  by  25%.  Evidently  the  amplitude  of  the  acoustic  waves  was  not  large 
enough  to  influence  jet  flows  at  higher  exit  velocities.  In  the  proposed  study,  stronger  speakers  driven  by  powerful 
amplifiers  will  alleviate  this  issue. 


IV.  PROPOSED  RESEARCH 

Investigations  of  the  nonhomogeneous  flow  field  will  be  concluded  to  understand  the  mechanism(s)  driving  the 
vorticity  dynamics  of  the  self-inducting  coherent  structures.  The  primary  task  will  then  be  the  investigation  of  the  small 
scale  topology  in  a  homogeneous  2:1  aspect-ratio  elliptic  jet  The  effects  of  self-induction  and  vortex  merging  upon  the 
generation  of  smaii  scales  will  be  examined.  The  untorced  elliptic  jet  in  an  addition  to  an  axisymmetric  jet  will  be  studied 
initially  for  purposes  of  later  comparison.  Forcing  the  flow  uniformly  at  the  preferred  mode  at  the  exit  will  mask  the  effects 
of  vortex  merging  and  isolate  the  effects  of  self-induction.  Measurements  will  be  conducted  of  tire  populations,  dimensions, 
frequencies  and  spatial  distribution  of  the  small  scales  with  respect  to  the  large  scales  using  the  Peak-Valley-Counting 
method.  Finally,  the  flow  will  be  actively  controlled  with  acoustic  forcing  add  die  nozzle  exit.  Multiple  frequency  signals 
with  variable  phase  shifts  and  amplitudes  will  be  employed  to  increase  p.oduction  of  small  scales  and  enhance-  the  small 
scale  mixing  process. 


IV. I  Nonhomogeneous  Jet 


A  dual  parallel  wire  probe  housing  both  a  hot-  and  cold-wire  will  simultaneously  measure  turbulent  velocity  and 
temperature  signals.  Two  cases  will  be  studied,  a  high  temperature  jet  at  ISC  C  to  observe  strong  nonhomogeneous  effects 
and  a  slightly  heated  jet  at  45  C  where  temperature  w:ll  contaminate  the  flow  effectively  ‘tagging’  the  large  scale  structures 
Velocity-temperature  correlations  will  be  made  to  determine  how  nonhomogeneity  modifies  the  dynamics  of  the  elliptical 
structures  and  enhances  the  entrainment  /Vs  wcH,  the  initial  boundary  layer  thickness  will  be  investigated  to  '-onfirrn  the 
effects  of  Reynolds  number  upon  axis  switching  and  entrainment. 


IV.2  Small  Scale  Topology. 
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The  phase  relationship  between  die  major  and  minor  axes  sections  of  the  distorted  large  at  i!e  vordca!  structures  in  an 
unforced  natural  elliptic  jet  will  be  investigated  by  simultaneous  velocity  measurements  in  both  shear  layer  regions.  The 
small  scale  topology  of  the  natural  elliptic  jer.  will  then  be  investigated.  It  is  not  known  definitely  at  what  Reynolds  number 
elliptic  jets  become  turbulent.  The  exit  velocity  will  initially  be  varied  to  determine  a  velocity  that  is  not  so  low  that  will 
preclude  small  scale  produedon  and  not  too  high  that  win  cause  problems  with  the  physical  resolution  of  the  1  mm  wide 
hot-wire  sensor  and  the  maximum  1  MHz  sampling  race  of  tne  analog-to-digital  converter. 

Irrotadonal  fluctuations  are  induced  into  die  quiescent  fluid  by  the  passing  of  large  scale  structures  in  die  shear  layer. 
Quantitadve  knowledge  regarding  the  large  scale  vortices  will  be.  obtained  from  die  velocity  signals  sampled  by  a  hot-wire 
anemometer  in  the  ambient  fluid  adjacent  to  the  shear  layer.  Simultaneously,  a  second  hit-wire  probe  separated  radially 
from  the  first  probe  will  be  located  within  the  shear  layer  to  acquire  the  combined  Lurbulent  signals  of  the  large  and  small 
scales.  These  pairs  of  measurements  will  be  undertaken  at  incremental  downstream  locations  in  the  major  and  minor  axes. 
The  facility  may  also  be  heated  by  a  few  degrees  to  contaminate  the  flow  using  heat  as  a  tracer  and  a  cold-wire  anemometer 
will  sample  the  thermal  fluctuations  of  die  slightly  heated  large  scales. 

Phase-averaged  information  from  the  first  sensor  will  provide  the  period  of  the  large  scales  to  help  isolate  the  signature 
of  the  small  scales.  Spectral  analyses  of  the  velocity  signals  by  a  one -dimensional  fast  fouriei  algorithm  will  yield  die  peak 
frequencies  at  the  respeedve  location  in  die  flow.  The  slope  of  the  resulting  energy  spectrum  is  not  as  clearly  definable  in 
jets  as  it  is  in  plane  mixing  layers.  Thus  one  of  die  ‘signposts’  suggesting  the  possible  location  of  transition  to  turbulence, 
the  ‘-5/3’  slope,  will  not  be  employed. 

Laufer  (1948)  and  Liepmann  (1949)  proposed  a  method  for  estimating  the  Taylor  microscale  by  counting  the  number 
of ‘zero-crossings’  of  a  random  stationary  fluctuating  velocity  signal.  Rice  (1944,  19-15)  determined  a  theoretical  value  of  the 
number  of ‘zero-crossings’,  N0, for  Gaussian  distributed  u'and  du '/(//signals.  Refei  to  Equation  16.  Gaussian  characteristics 
occur  far  downstream  along  the  centerline  in  axisymmetric  jets  (Wygnanski  &  Fiedler  1969).  A 
more  refined  method,  the  Peak-Valley-Counting  method,  incorporating  specialized  conditional 
analysis  concepts  will  be  used  to  determine  the  dimension  and  amount  of  small  scales  (Hsiao 
1985;  Huang  1985;  Zohar  1990).  This  method  generates  a  pulse  train  corresponding  to  the 
proper  local  extrema  associated  with  small  scale  fluctuations  in  a  turbulent  velocity  signal.  The 
final  result  is  obtained  by  differentiating  between  actual  smail  scale  fluctuations  (the  ‘peaks’ 
and  ‘valleys’),  including  the  removal  of  erroneous  consecutive  extrema,  a-d-c  bit  noise 
components  and  random  high-frequency  noise  by  employing  appropriate  amplitude  and  temporal 
threshold  levels.  The  number  of  small  scales  will  be  regarded  as  a  possible  indicator  of  turbulent 
transition  (Zohar  1990). 

Analysis  of  the  distribution  of  scales  will  incorporate  a  two-dimensional  Wavelet  Transform  (Grossman  &  Morlet 
1984).  The  combined  Fourier  and  physical  space  properties  of  this  method  of  decomposing  turbulent  signals  provide  a 
better  view  of  the  dynamics  of  coherent  structures  (Dallam  &  Speddiug  1990).  In  contrast,  the  Fast  Fourier  Transfoim 
algorithm  retains  only  the  amplitude  or  phase  information  of  the  spectral  components  of  the  transformed  turbulent  signal. 
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LYJ.Jid(y  Induction  ijjGfeefc 


The  interactions  of  merging  vortices  and  streamwise  structures  is  hypothesized  to  aid  in  the  generation  of  small  scales 
in  the  vortex  cores  of  plane  mixing  layers  and  axisymmetric  jets.  The  existence  of  a  sec  ond  mechanism  responsible  for  the 
growth  of  a  2d  aspect-ratio  elliptic  jet  is  the  process  of  vortex  self-induction.  This  second  mechanism  appears  ;o  be  more 
responsible  for  increased  entrainment  ratios  than  vortex  merging  and  may  well  be  responsible  for  tire  generation  of  small 
scales  in  the  elliptic  jet.  The  flow  will  be  forced  at  the  preferred  mode  of  the  jet.  Sid  -  f4d  /  U.  u,  where  ‘fd’  is  obtained  from 
the  peak  frequency  of  tire  1-D  energy  spectrum  at  the  end  of  the  potential  core  (x/a-5).  Forcing  will  inhibit  die  actions  of 
vortex  pairing  and  thereby  will  isolate  the  effects  of  self-induction.  In  this  manner,  the  small  scales  will  be  investigated  to 
determine  how  their  production  is  modified  by  the  presence  of  self-inducting  vortices  Additionally,  the  spreading  rate  and 
entrainment  ratios  will  be  measured  tc  confirm  the  importance  of  vortex  self-  induction  or:  the  development  of  small 
aspect-ratio  elliptic  jets. 

Streamwise  structures  will  be  measured  as  c.J  by  hot-wire  pmbes  placed  in  the  shear  iayer  at  a  given  downstream 
cross-section.  Previous  flow  visualization  indicates  these  vortices  to  be  fairly  stationary  in  space.  It  will  be  important  to 
determine  die  distorting  azimuthal  effects  of  rhe  streamwise  upon  the  elliptical  vortex  rings  ar.d  how  self-induction  and 
vortex  merging  modifies  the  streamwise  structures  because  of  the  importance  of  interactions  between  these  large  scales 
towards  small  scale  production. 


1V.4  Active  Control 


25 


The  2:1  aspect  ratio  elliptic  jet  was  found  by  Ho  and  Gutmark  (1987)  to  entrain  considerably  more  mass  than  an 
ordinary  axisymmetric  jet  due  to  the  natural  dynamics  and  dcionnations  of  the  self-inducing  elliptic  vortices.  It  is, 
therefore,  an  efficient  passive  control  device.  From  an  engineering  point  of  view,  passive  enhancements  are  more  desirable 
than  active  methods.  However,  acoustic  forcing  has  been  demonstrated  to  increase  die  number  of  small  scales,  Zohar 
(1990).  The  elliptic  jet  will  be  actively  forced  to  control  the  large  and  small  scales  to  improve  large  and  small  scale  mixing. 
It  has  also  been  discovered  that  increased  entrainment  is  correlated  to  a  shorter  distance  between  the  location  cf  axis 
switching  and  the  nozzie  exit.  Ho  &  Austin  (1988).  Thus,  to  control  the  location  of  switching  by  forcing  the  large  scales, 
perhaps  to  lessen  influence  by  vortex  merging,  may  further  enhance  entrainment. 

In  dais  vein,  multiple  frequency  forcing  incorporating  harmonic  plus  various  subharmonic  components  with  variable 
phase  shifts  and  variable  amplitudes  will  be  attempted.  Helically  phase  shifted  frequencies  may  form  ‘spinning’  elliptic 
voruces  (Long  &  Petersen  1990)  to  further  distort  the  inviscid  large  scales  thereby  increasing  entrainment  and,  second,  to 
increase  the  production  of  small  scales  and  enhance  fine  scale  mixing.  The  flow  will  be  measured  by  hot-wires  and 
analyzed  with  the  Peak-Valley  Coundng  method. 


V.  CONCLUSION 

Jets  arc  important  fluid  dynamical  processes  of  study  due  to  the  existence  of  mixing  regions  in  numerous  applications. 
In  particular,  2:1  aspect-ratio  elliptic  jets  appear  by  many  accounts  to  be  very  promising  improvements  over  axisymmetric 
jet  configurations  because  of  their  enhanced  mixing  capabilities.  Coherent  large  scale  structures  which  govern  spreading, 
entrainment  and  large  scale  mixing  in  general  have  been  investigated  to  reveal  the  importance  of  the  mechanisms  of  vortex 
self-induction  and  vortex  merging.  It  is  important  to  continue  detailed  investigation  of  the  2:1  aspect-ratio  elliptic  jet 
aimed  at  die  topology  of  rite  small  scales  and  the  nature,  of  their  production  by  the  large  scale  structures.  Methods  of 
controlling  and  increasing  the  population  of  small  scales  will  help  in  the  understanding  of  dicir  subsequent  effects  upon 
fine  scale  mixing  in  relation  to  combustion  processes. 
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Figure  L  Free  Shear  Layers 


Figure  2,  Coherent  Large  Scale  Pairing 


Fig.  .1.  Growth  of  the  most  unstable  wave  associated  with  a 
planar  region  of  constant  vorticity. 


Figure  3.  Shear  Layer  Formation 
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Figure  4.  Vortex  Roll-up 
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Figure  5.  Linear  Stability  Curves 
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Figure  6.  Vortex  Merging 


Figure  I.  Sketch  of  a  typical  impulse  response:  (o)  absolutely 
unstable  flow;  (b)  comeetively  unstable  flow. 


Figure  7.  Global  Stability 
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Figure  9.  Stream  wise  Vortices 
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Figure  10.  Power  Spectra  Roll-off  Exponent 
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Figure  11.  Free  Shear  Layer  Transitions 


AXiSYMIWETRIC  JET  TOPOLOGY 


12.  Figure  15.  A  xi;:ym metric  .let 
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Figure  27.  P-adial  mean -speed,  profiles  at  five  stations  etongthe  jet  am 


Figure  14.  Mean  Velocity  Profiles 


Figure  4.  Intensity  of  it' -fluctuation  across  the  jet. - ,  C'orrsin  (1949).  x;d  =  20; 

—  . — ,  present  investigation,  xid  —  20;  — — ,  present  investigation,  xid  =  60,  using 
DISA  correlator  (flat  frequency  down  to  -5  BA),  j..  J-vti  =  50:  60;  £••,  75;  •.  97-5. 


Figure  15.  Fluctuating  Velocity  Profiles 


Figure  Id.  Side  Jets 


VORTEX  RING  DEVELOPMENT 
IN  2:1  ASPECT-RATIO  ELLIPTIC  NOZZLE 


Figure  21. 

Elliptic  Vortex  Ring  Evolution 


(c) 

Figche  3.  Evolution  of  the  elliptic  vortex  ring  of  axea  ratio  0. 
(a)  Plan  view,  (6)  aide  view,  (c)  end  view. 


Major  axis  plane  Minor  axis  plane 

Km x; hr  |f>.  («)  Vortex  merf-inji  (injnjeil  by  dye  traces)  in  a  Ibrcetl  elliptic  jet.  ( b )  Azimuthal  deformation  of  vortex 
(UiRRed  by  <iye  truces)  lit  a  forced  elliptic  jet  ((int  mark  ,fc  Ho  11,185.  Ii)8(>). 

Figure  22.  Elliptic  Jet  Flow  Visualization 
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a  -ireular  jet.  /7h  =8.81  cm  (  x  ) :  ami  a  two-dimensional  jet.  Dn  =■  t  3H  cm  (llo  &  Hsiao 
1082)  (  +  ) 


Figure  23.  Elliptic  Jet  Entrainment 
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Fiu»’?.s  :*i.  '  ■•>n»tiMJC«v*;uKMcy  contours. 


Figure  25. 

Nozzle  Flow  Visualization 


Figure  24. 

Elliptic  Jet  Mean  Velocity  Contours 


CIRCULAR:  NOZZLE  ELLIPTICAL  NOZZLE 

(MINOR  AXIS) 


Fis.  21.  Fuel- Rich  Plume  Combustion  - 
Mixing  Enhancement  with  Elliptical  Nozzle. 


ir.iier  mode  I  I'crcui. 


hit 

Frocks  4.  Mixing  layer  under  mode  II  forc:n?:/V/a  =  -O  = 


Figure  26. 
Mode  ‘m’  Forcing 
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Figure  24  Rescaled  free  shear  layer-  variations  oi  momemum  think  nest,  with  ri scaled 
downstream  distance  ®  /f  =  0.6c/, a  /,  0.4 J/„.  x  /,  =  0.2 ■!/„ :  R  =  0.31.  ;V  —  4  (Ho  & 
Huang  I9S2).  A.  I<  «  /„:  R  =  0.25.  .V  -  JiOstcrJfc  Wyginuiski  ly.Vl.  O  2r  —  y„ ;  /?  -  l.,V  2. 
natural  forcing  (Drubka  I9dl). 


Figure  23,  Rescaled  Free  Shear  Layer 


2:1  Aspect  Ratio  Elliptic  Jet  Facility  Forcing  Arrangement 
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Figure  33. 


Figure  39. 
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Figure  41.  Temperature  PDFs  for  U=70  m/s  T=150  C 
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